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 Faisabilité technique-économique et simulation d’économie d’électricité d’ÉTS avec de  
système photovoltaïque et des batteries 
 
Fernando DIAS DA CRUZ  
  
RÉSUMÉ 
 
L'objectif de ce mémoire est de réaliser une étude de faisabilité technico-économique et une 
simulation annuelle des dépenses et des économies d'électricité de l'École de Technologie 
Supérieure avec et sans système solaire photovoltaïque, système de stockage d'énergie par 
batterie, d'incitations financières ou de réponse à la demande, en tenant compte des facteurs 
suivants: les tarifs d'électricité du Québec et de l'Ontario en 2017. 
 
Six scénarios sont proposés et simulés dans un intervalle de 5 minutes avec les données de 
puissance électrique de l’ÉTS en 2017, l’irradiance solaire et la température de Montréal et 
l’ensemble des charges d’électricité du Québec et de l’Ontario pour un client de 5 MW comme 
l’ÉTS. Toutes les simulations ont été réalisées avec le logiciel MATLAB SimScape Power 
System, où chaque système a été analysé séparément et / ou ensemble, comme suit: 
 
0) Scénario de base: L'ÉTS en Ontario et au Québec avec des tarifs standard d'électricité;  
1) l’ÉTS en Ontario avec incitatif financier et au Québec avec réponse à la demande;  
2) l'ÉTS en Ontario avec incitatif financier et de système photovoltaïque (150 kW) ainsi qu'au 
Québec avec les tarifs standards et de système photovoltaïque;  
3) l'ÉTS en ON avec incitatif financier, de système photovoltaïque (150 kW) et des batteries 
(250 kW), ainsi qu'au QC avec la réponse à la demande, de système PV et des batteries;  
4) ÉTS en Ontario avec incitatif financier et des batteries (250 kW) ainsi qu'au Québec avec 
réponse à la demande et des batteries;  
5A / 5B) l’ÉTS en Ontario avec incitatif financier, des batteries avec tarification à l'utilisation 
(250 kW) (5A) et avec des panneaux photovoltaïques (150 kW) (5B);  
6) l'ÉTS en ON avec incitatif financier, de système photovoltaïque (500 kW) et des batteries 
(250 kW), ainsi qu'au QC avec la réponse à la demande, de système PV et des batteries; 
 
Premièrement, la simulation a montré que les panneaux photovoltaïques réduisaient le pic de 
puissance de 5 MW et la consommation d’énergie dans les deux provinces, tandis que les 
batteries réduisaient le pic de puissance et permettaient la participation au programme de 
réponse à la demande, GDP, au Québec. Deuxièmement, le coût de l'énergie et de puissance 
représentent environ 93% et 7% de la facture annuelle en ON, respectivement et 61% et 39% 
au QC. De plus, les résultats de la simulation indiquent que la différence de prix de l’électricité 
entre les deux provinces est énorme. C’est autour quatre fois plus cher en Ontario qu’au 
Québec, soit environ 0.27 $/kWh et 0.057 $/kWh, respectivement. La simulation a également 
montré que le prix par kWh avait été réduit de 13.77% en Ontario, passant de 0.3025 $/kWh à 
0.2608 $/kWh et au Québec, de 6.08%, passant de 0.0571 $/kWh à 0.0536 $/kWh, après avoir 
ajouté des systèmes PV, des batteries, d’incitation financier ou de réponse à la demande. 
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En outre, la simulation indiquait une économie d'énergie annuelle de 412,77 MWh sur 
MATLAB SimScape et de 260.53 MWh dans RETScreen pour ‘l'électricité exportée vers le 
réseau’ en utilisant des panneaux photovoltaïques de 150 kW (3% de 5 MW de l'ÉTS). En 
outre, MATLAB a réalisé des économies d'énergie annuelles de 1,376.95 MWh et dans 
RETScreen de 868.42 MWh en utilisant des panneaux photovoltaïques de 500 kW (10% de 5 
MW de l'ÉTS). La variance d'environ 50% inférieure dans RETScreen indique une méthode 
plus précise que MATLAB, par l’économie d'énergie, avec différentes données des inputs 
(d'irradiance solaire, température) et des coefficients de perte plus élevés dans RETScreen.  
 
La faisabilité technico-économique indiquait que le système solaire photovoltaïque était 
réalisable sur le plan économique en Ontario, où une économie annuelle de $151,574.73 avait 
été réalisée pour un MPP de 150 kW, avec un investissement de $873,050, un TRI et une VAN 
élevé et une période de retour sur investissement basse. Sur la base de cette économie 
d’électricité potentielle liée à l’utilisation de panneaux photovoltaïques, un MPP supérieur 
aléatoire de 500 kW a été simulé. Les chiffres suivants ont ainsi été obtenus: une économie 
annuelle de 493,515.15 dollars canadiens pour un investissement de 2,773,435 dollars, une 
VAN et un TRI supérieurs et une période de retour d’investissement plus basse, en raison des 
économies d’échelle. En raison de son faible prix de l’électricité, aucun système solaire 
photovoltaïque n’était économiquement réalisable au Québec. En outre, le BESS de 250 kW 
n’est économiquement réalisable ni à l’ON ni au Québec, en raison d’un investissement élevé, 
d’une basse économie d'énergie annuelle et de retour d’investissement haut.  
 
En Ontario, l'ÉTS devrait utiliser un système de panneaux photovoltaïques de 500 kW (10% 
de 5 MW requis) ou plus, sans aucune batterie, afin de réduire considérablement la valeur de 
la facture annuelle et le prix par kWh avec un faible retour sur investissement. Les TRI et VAN 
sont élevés pour l’investissement requis. En plus de cela, participez également au marché de 
gros détenu par IESO via des enchères visant à réduire le coût de l’électricité / kWh, payez le 
Global Adjustment par consommation ou en PDF (9% de réduction de facture annuelle) et 
participez à l’enchère de réponse à la demande de IESO. 
 
Au Québec, l'ÉTS devrait utiliser un système BESS de 250 kW sans aucun système 
photovoltaïque pour réduire le pic de puissance de plus de 5 MW et participer au programme 
de réponse à la demande, GDP, de HQ, uniquement s'il existe une incitation financière ou un 
don pour acquérir l'équipement auprès d'un fournisseur ou du gouvernement, selon le cas (à 
l'ÉTS). Autrement, ni système photovoltaïque ni groupe de batteries ne sont recommandés. 
 
 
Mots-clés: Système solaire photovoltaïque, batteries, simulation, faisabilité technico-
économique, écrêtage
 Technical-Economic Feasibility and Simulation of ÉTS’ Electricity Saving with  
Photovoltaic System and Batteries 
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ABSTRACT 
 
The goal of this Master’s thesis is to make a technical-economic feasibility study and a yearly 
simulation of École de Technologie Supérieure’s electricity expenses and savings with and 
without a Solar Photovoltaic System, Battery Energy Storage System, financial incentives or 
demand response, taking into account the Quebec and Ontario electricity rates in 2017.  
 
Six scenarios are proposed and simulated in a 5-minute interval with 2017 ÉTS power data, 
Montreal’s solar irradiance and temperature and all Quebec and Ontario’s electricity charges 
for a 5 MW customer as ÉTS. All simulations were obtained with Matlab SimScape Power 
System, where each system was analyzed separately and/or together, as followed: 
 
0) Baseline Scenario: ÉTS in Ontario and Quebec with electricity standard rates;  
1) ÉTS in Ontario with financial incentive and in Quebec with demand response;  
2) ÉTS in Ontario with financial incentive and Photovoltaic Arrays (150kW) as well as in 
Quebec with standard rates and PV Arrays;  
3) ÉTS in Ontario with financial incentive, PV Arrays (150 kW) and Batteries (250 kW) as 
well as in Quebec with demand response, PV Arrays and Batteries;  
4) ÉTS in Ontario with financial incentive and Batteries (250 kW) as well as in Quebec with 
demand response and Batteries;  
5A / 5B) ÉTS in Ontario with financial incentive, batteries with Time of Use pricing (250 kW) 
(5A) and also with Photovoltaic Panels (150 kW) (5B);  
6) ÉTS in Ontario with financial incentive, PV Arrays (500 kW) and Batteries (250 kW) as 
well as in Quebec with demand response, PV Arrays and Batteries; 
 
First, the simulation showed that PV System reduced the 5 MW peak power and energy 
consumption in both provinces, while battery energy storage system reduced the peak power 
and allowed the participation in the demand response program, GDP, in Quebec. Secondly, 
Energy and Power costs represented around 93% and 7% of a yearly bill in ON, while 61% 
and 39% in QC, respectively. Also, the simulation results indicated that the electricity rate 
variance between both provinces is huge, where it is around four times more expensive in ON 
than in QC, around 0.27 $/kWh and 0.057 $/kWh, respectively. The simulation also showed 
that the price per kWh was reduced up to 13.77% in ON from 0.3025 $/kWh to 0.2608 $/kWh 
and up to 6.08% in QC, from 0.0571 $/kWh to 0.0536 $/kWh, after adding PV systems, 
Batteries and financial incentives or demand response program. 
 
Furthermore, the simulation indicated a yearly energy saving of 412.77 MWh from MATLAB 
SimScape Power System and 260.53 MWh from RETScreen for electricity exported to the 
grid, by using a 150 kW PV Arrays (3% of 5MW from ÉTS). Also, 1,376.95 MWh yearly 
energy savings from MATLAB and 868.42 MWh from RETScreen, by using a 500 kW PV 
XII 
Arrays (10% of 5MW from ÉTS). The variance around 50% lower on RETScreen indicates a 
more accurate method for energy saving, with some different input data (solar irradiance and 
temperature) and higher loss coefficient on RETScreen. 
 
The technical-economic feasibility indicated that a Solar PV System is economically feasible 
in Ontario, where an annual saving of $151,574.73 was reached for a 150 kW MPP, with a 
$873,050 investment, high IRR, high NPV and low payback period. Based on this potential 
electricity saving using a PV System, a random higher MPP of 500 kW was simulated, where 
an annual saving of $493,515.15 for $2,773,435 Investment, higher NPV, higher IRR and a 
lower payback than 150 kW were reached, due to economies of scale. No PV System was 
economically feasible in QC, due to its low electricity price. Also, the 250 kW BESS is not 
economically feasible neither in ON nor in QC, due to a high investment, low annual energy 
saving and a high payback period. 
 
In Ontario, ÉTS should utilize a system of 500 kW of Photovoltaic System or higher, without 
any batteries, in order to achieve a considerable reduction in the yearly bill and on the price 
per kWh, with a low payback period and high IRR and NPV. Also, the participation of the 
Wholesale market held by IESO through bids to reduce the electricity cost/kWh, pay the GA 
by consumption or PDF (9% of yearly bill reduction) and participate of the Demand Response 
Auction by IESO.  
 
In Quebec, ÉTS should utilize a 250 kW BESS without any Photovoltaic Arrays, to reduce the 
peak power over 5 MW and participate of the GDP’s demand response program by HQ, but 
only if there is a financial incentive or donation to acquire the equipment from a supplier or 
the government, as it is going to occur to ÉTS. Otherwise, neither Photovoltaic system nor 
batteries banks are recommended.  
 
 
Keywords: solar photovoltaic system, batteries, simulation, technical-economic feasibility, 
peak shaving 
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INTRODUCTION 
 
Canada is considered one of the best examples of a country that generates a large quantity of 
electricity and where a significant amount of energy is produced from renewable sources. For 
instance: a total of 648 TWh was produced in 2016, with 66 % (sixty-six per cent) from 
Hydropower, Wind Power, Photovoltaic Systems and other renewable sources. Thus, the 
country was positioned as the sixth largest electricity producer and second largest electricity 
exporter in the world [19]. 
 
Despite this wealth of electrical power generation and matrix, prices per kWh among Canadian 
provinces are very different from each other. Also, there is a high potential for Peak Shaving 
with Solar Photovoltaic System, Battery Energy Storage System and Demand Response 
program.    
 
Based on the figures above, the goal of this Master’s thesis is to evaluate the yearly electricity 
bill, savings and price per kWh of a 5 MW consumer, École de Technologie Supérieure, during 
the course of 2017 in Ontario and Quebec. A 5 (five) minute simulation will be obtained with 
MATLAB Simscape Power System and will take into account all electricity standard rates in 
each province. These will be compared to the scenarios with financial incentives or demand 
response program, photovoltaic systems and/or batteries energy storage system, individually 
and together. Following this, a technical and economic feasibility study will be presented for 
the photovoltaic systems and battery energy storage systems, where the main economic 
indicators will be evaluated and compared.  
 
All simulation results will be based on the following scenarios: 
0) ÉTS University Complex in Ontario and Quebec with electricity standard rates 
(baseline);  
1) ÉTS University Complex in Ontario with financial incentives (GA by PDF - Global 
Adjustment by Peak Demand Factor) and in Quebec with demand response (GDP 
– “Gestion de la Demande de Puissance”); 
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2) ÉTS University Complex in Ontario with financial incentives and Photovoltaic 
Arrays (150kW) as well as in Quebec with standard rates and PV Panels; 
3) ÉTS University Complex in Ontario with financial incentives, Photovoltaics Arrays 
(150 kW)  and Batteries (250 kW) as well as in Quebec with demand response, PV 
Panels and Batteries; 
4) ÉTS University Complex in Ontario with financial incentives and Batteries (250 
kW) as well as in Quebec with GDP and Batteries; 
5) ÉTS University Complex in Ontario with financial incentives, batteries with Time 
of Use pricing (250 kW) and with (5B) / without (5A) Photovoltaics Panels (150 
kW); Note: this scenario will be run just in Ontario. 
6) ÉTS University Complex in Ontario with financial incentives, 500 kW of 
Photovoltaics Panels and Batteries (250 kW) as well as in Quebec with demand 
response, PV Arrays and Batteries; 
 
All algorithms, data inputs, process, outputs and simulation will be obtained with MATLAB 
SimScape Power System, which is one of many tools provided with MATLAB [1], in order to 
allow a reliable and accurate simulation on an easily accessible and user-friendly page. 
 
 
 
 
 
 
 
 
 
 
 
 
  
CHAPTER 1 
 
 
CONTEXTUALIZATION 
1.1 Contextualization and steps of the research 
Nowadays, governments, companies and people seek ways to use energy more efficiently. In 
Canada, for example, electrical power providers like Hydro Québec and system operators like 
the IESO in Ontario, afford some interesting financial incentives for large clients that agree to 
reduce the peak of energy during periods of high demand. All nations must keep an electricity 
reserve margin in relation to peak demand; otherwise, a sudden blackout may occur and leave 
the related cities without electricity for some minutes, hours or even days. If a peak of power 
occurs simultaneously by a number of large companies during a - 35o C winter season in 
Quebec or + 35o C summer season in Ontario, for example, it means that more investment in 
electrical infrastructure will be required very soon. In consequence, the population will have 
to pay more taxes directly or indirectly, in order to pay this long-term investment.  Therefore, 
this research will focus on this attempt to save both energy and money.  
 
The main contribution of this Master’s thesis is to simulate in a 5-minute interval the data from 
the entire year 2017.  It will generate the yearly and monthly electric bill, savings and price per 
kWh in Ontario and Quebec, with and without financial incentives or demand response credit, 
photovoltaic systems and/or battery energy storage system. The 2017 ÉTS power data, 
electricity utility unit price for power, energy and fixed rates in both provinces will be used, as 
well as the 2017 Montreal weather and solar irradiance data. In addition, a technical-economic 
study will be presented, in order to evaluate the feasibility of installing solar photovoltaic 
panels and battery energy storage systems in both provinces. 
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Firstly, this study will provide an overview of Canada energy consumption and the electrical 
power generation matrix per province, in order to provide an overview of the origin of their 
electrical power generation and consumption. 
 
Secondly, Ontario’s electrical power system and monthly billing will be presented as well as 
Quebec’s, so that all power, energy and fixed rates of both provinces are known, to better 
analyze the reason why the unit price of electricity is so different between neighboring 
provinces.  
 
Thirdly, the MATLAB Simscape power system will be introduced together with all main 
premises, information and data utilized in the proposed scenarios, in order to understand how 
the MATLAB SimScape Power system works and all parameters used in the simulation. 
 
Fourthly, a technical-economic feasibility study will follow, where solar photovoltaic system 
and battery energy storage system will be evaluated technically and economically in both 
Ontario and Quebec. This includes the Maximum Power Point dimensioning for Photovoltaic 
System, required surface areas, modules in series and in parallel, DC-AC Inverters, where all 
these should be positioned within specific ÉTS buildings and the main economic indicators 
with an in-depth analysis. A similar technical-economic feasibility study will be presented for 
the batteries. 
 
Fifth, the simulation results will be presented with an in-depth analysis of yearly and monthly 
bill amounts, $/kWh prices and percentages differences for each scenario. 
 
Finally, the conclusion and recommendation will address the results obtained in the simulation 
and they will be compared with the real and historical data of each province. Also, a system 
for each Province will be recommended, based on MATLAB SimScape Power System Model 
simulation, RETScreen Economic Feasibility study for the Photovoltaic System and Economic 
Feasibility in Excel for the Battery Energy Storage System. 
  
CHAPTER 2 
 
 
OVERVIEW OF CANADA’S ENERGY MATRIX 
2.1 World and Canada’s Primary Energy Consumption 
The 2016 world primary energy consumption was 13,276.31 Mtoe, where just 10% came from 
renewable energy sources. Canada consumed 329.71 Mtoe, 2.48% of total, where 30% came 
from renewable sources, mainly hydropower. The graphs below show the mix per fuel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1 World Primary Energy Consumption in 2016[27] 
Taken from BP Statistical Review of World Energy – all data (2017) 
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2.2 Canada’s Electrical Power Generation Matrix 
Canada generated 648.4 TWh of electricity in 2016, 66% out of 100% from Renewables 
sources, with 59% and 7% from Hydropower and Non-Hydro, respectively. The Hydropower 
is present in 23% and 95% of provincial share electricity supply in Ontario and Quebec, 
respectively. In addition, Wind Power is present in 4.7% out of 100% of Canada electricity 
generation, with 7.7% and 3.6% of electricity production mix in Ontario and Quebec, 
respectively. Finally, Solar Photovoltaic makes up 0.5% of Canada’s electricity generation, 
with 1.9% of electricity production mix in Ontario and less than 0.1% in Quebec [19]. 
 
Figure 2-2 Canada’s Primary Energy Consumption in 2016[27]  
Taken from BP Statistical Review of World Energy – all data (2017) 
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The electricity world generation was 25,082 TWh in 2016, 2.6% out of 100% from Canada, as 
the 6th largest world electricity producer. In addition to it, Canada was ranked as the second 
largest world electricity exporter, 10% out of 100% total world exports – 724 TWh. The tables 
below describe in more details the world generation and exports figures.  
 
 
 
 
 
 
 
 
 
 
  
 
 
 Figure 2-3 Canada Energy Electricity Generation by Source in 2016[19] 
Taken from Natural Resources Canada - Electricity Facts (2018) 
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Table 2-1 World and Canada Electricity Generation in 2016[19] 
Taken from Natural Resources Canada - Electricity Facts (2018) 
 
 
Table 2-2 World and Canada Electricity Export in 2016[19] 
Taken from Natural Resources Canada - Electricity Facts (2018) 
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2.3 Electricity Energy Use 
The 2015 Canada’s electricity energy use was 1,784 peta joules (PJ), where the industry 
consumed 39.9% out of the whole energy. Therefore, this sector always requires more attention 
in terms of energy consumption and greenhouse gas emission. The energy use by sector is 
shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
The 2015 electrical energy use by province shows a curious reality: QC (35%) uses more 
electrical energy than ON (28%). It is explained by having plentiful and cheap electricity from 
large scale electricity projects [19]. In ON, NG is the principal energy source for residential 
heating system (62%) [48], which is cheaper [49] than electricity. However, it is air pollutant. 
 
Table 2-3  Canada Electricity Energy Use by Sector in 2015[19]  
Taken from Natural Resources Canada - Electricity Facts (2018) 
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The 2015 distribution of residential energy use in Canada shows that 62% is for space heating, 
followed by water heating (19%) and appliances (13%), as shown below. Therefore, Ontario 
seeks to reduce its residential electrical use by replacing it to Natural Gas. But, it is pollutant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4 Electrical Energy Use by Province in 2015[19] 
Taken from Natural Resources Canada - Electricity Facts 
(2018) 
Figure 2-5 Canada's Distribution of residential energy use[14] 
Taken from Natural Resources Canada – Heating equipment 
for residential use (2018) 
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2.4 Canadian Provinces Power Generation 
The chart below shows the Canadian provinces generation energy matrix. In general, provinces 
where the Hydropower generation is predominant, owns a lower price/kWh than others that 
depend on other sources, such as petroleum and nuclear. Thus, the lowest rates are concentrated 
mainly in QC & MB, after in BC and NL. Except for AB, based on air pollutants Coal and NG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6 Provincial Power Generation Matrix in 2015[16] 
Taken from Natural Resources Canada – Energy Fact Book 
 2016-2017 (2017) 
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2.5 Average Price for residential and 5 MW Large Customers by Cities in 2017 
The maps below bring the cents/kWh for both residential and a 5 MW large-power customers. 
 
Figure 2-7  Average Price for Residential Customers in 2017[25]  
Taken from Hydro Québec – Comparison of Electricity Prices in Major NA Cities (2017) 
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As noted, QC presented the lowest 2017 residential price, 7.07¢/kWh, in NA and the 2nd lowest 
price for a 5 MW client, 5.18¢/kWh. ON’s price were 16.3¢/kWh and 14.6¢/kWh, respectively. 
 
Figure 2-8 Average Price for 5 MW Large-Power Customers in 2017[25]  
Taken from Hydro Québec – Comparison of Electricity Prices in Major NA Cities (2017) 
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CHAPTER 3 
 
 
ONTARIO’S ELECTRICAL POWER SYSTEM AND BILL 
3.1 Contextualization 
Undoubtedly, Ontario owns the higher electricity rates in Canada. Despite being so high for 
Canadians, it’s considered competitive when compared to the 2017 United States and some 
European countries rates, such as France 0.17 €/kWh [50] or 0.25 Ca$/kWh [51] and United 
Kingdom 0.19 €/kWh [52] or 0.28 Ca$/kWh [51]. Or even cheap, when compared to Germany, 
0.30 €/kWh [53] or 0.45 Ca$/kWh [51] or Italy, 0.21 €/kWh [54] or 0.32 Ca$/kWh [51].  
 
Below, an overview of the Ontario’s electrical power system will be provided with all 
applicable billing charges for residential, small business and mid to large-power consumers. 
 
3.2 Regulated Electricity in Ontario 
The first step is to understand why and how the former Ontario Hydro was split out into five 
companies and what occurred after that. Thus, a general overview of Ontario’s electricity 
system from 1997 to 2017 will be displayed below: 
• Until 1997 – Ontario Hydro – Electricity Generation, Transmission and Distribution;  
• 1998: Energy competition Act signed –  restructure of the electricity market; 
• 1998: Ontario Hydro divided up into 5 Companies: 
• Hydro One – Electricity Transmission;                                                          
• Ontario Power Generation (OPG)  – half of province’s power generation;                    
• IESO – Independent Electricity Systems Operator;                    
• Electrical Safety Authority;                               
• Ontario Electricity Financial Corporation.                                                             
• 1998: Ontario Energy Board (OEB) – Licenses, Rules and Energy Rates; 
• 1999: Debt of $38.1 billion; 
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• 2002: Official opening of the new electricity market; 
• 2006: Regulated Price Plan; 
• 2015-2017: Competitive Energy Market. 
 
The Hydro-Electric Power Commission of Ontario established in 1906, was re-named as 
Ontario Hydro in 1974 and it was a single government agency in charge of managing the entire 
Ontario’s Generation, Transmission and Distribution system [33] . By the mid-1990’s, Ontario 
Hydro was collapsing due to its massive debt, monopoly status and management issues. Thus, 
the Premier Mike Harris appointed in 1995, an “Advisory Committee on Competition in 
Ontario’s Electricity System”. Soon thereafter, the task force recommended the opening of the 
electricity market, in order to lead in lower prices and more choice to provincial power users.  
 
In 1998, The Energy Competition Act was signed, in order to restructure the Ontario’s 
electricity market by opening a wholesale electricity market, retail choice at the consumer lever 
offered by retailers and access to the power transmission grid for new competitors in 
generation. As a result of this Act, the former Ontario Hydro was divided up into 5 new entities, 
each focusing on a different subject: Ontario Power Generation (OPG) - focused on generation; 
Hydro One: focused on transmission and distribution; Independent Electricity System Operator 
(IESO) - focused on managing the operation of the power system among generators and 
consumers; Ontario Electrical Safety Association (ESA) - focused on safety and Ontario 
Electricity Financial Corporation (OEFC) - focused on debt retirement.  
 
In addition, in 1998, the Ontario Energy Board (OEB) was proclaimed as the regulator of the 
new market by regulating prices and overseeing the wholesale and retail markets to protect the 
public against uncompetitive practices.  
 
In 1999, the Ontario Electricity Financial Corporation became responsible for a debt of 
Ca$38.1 billion  from Ontario’s hydro, where $30.3 billion of this debt would be re-payed by 
consumers through Hydro One, IESO, Ontario Power Generation and its local municipalities 
[55] and the rest allocated as stranded debt. In 2001, the government set the debt retirement 
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charge at 0.7 cents per kWh of electricity consumed, which was taken off just in April 1st 2018 
[56].  
In 2002, it occurred the Official opening of the new electricity market, which did not go 
smoothly due to lack of expertise. From 2003 on, the Province started to import power to meet 
its needs, upgrading aging infrastructure, commissioning new natural gas plants, starting to 
close down some coal-fired power plants through replacing then by a wind and solar plants 
parks and making a 20–year long-term contract with private companies to build a new 
electricity park. Thus, a period of high investment in electricity infrastructure started together 
with a high debt retirement, mainly from the 1980s and 1990s over budget nuclear construction 
projects and other projects. In addition, a long-term contract with private companies to 
guarantee a minimum source of revenue, even if the province did not use that generated 
electricity, culminated in a very high electricity rate in Ontario. In 2006, a regulated price plan 
was issued by OEB, whose more details are mentioned below. Almost a decade later, a very 
competitive energy market is set [33]. 
 
3.3 Ontario Energy Board (OEB) 
The Government of Ontario, through the Ministry of Energy, sets the overall policy for the 
energy sector. It does this mainly through laws and regulations. 
 
The Ontario Energy Board regulates Ontario’s energy sector. It ensures that electricity 
companies follow the rules. As an independent government agency, its goal is to promote a 
sustainable, reliable energy sector that helps consumers get value from their electricity 
services.   
 
• Definition: OEB: Ontario Energy Board - Ontario’s independent energy regulator. 
• Objectives: 
• Set the rules for energy companies operating in Ontario; 
• Establish energy rates that are reasonable; 
• License energy companies; 
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• Monitor the wholesale electricity market and energy companies;  
• Develop new energy policies and provide unbiased advice to government;  
• Provide timely and helpful information about energy matters for residential consumers 
and small businesses; 
• Take the complaints;  
• Help to resolve client’s issues with a particular energy company; 
• Clamp down on energy companies that don’t follow the rules [57]. 
 
 
3.4 Independent Electricity System Operator (IESO) 
A System Operator (SO), is in charge of managing operation of the power system so as to 
maintain stability and the security of supplies from minute to minute [58]. In Ontario, the 
Independent Electricity System Operator (IESO) is in charge of that, which it is a government 
agency that manages the province electrical system supply and demand. Its goal is to make 
sure that the electrical energy supply meets the demand today, tomorrow and in the future. 
Also, to intermediate all relation between large dispatchable generators and load customers, 
connected directly to transmission through bids, in the wholesale market.  
 
• Definition: IESO: Independent Electricity System Operator. 
• Objectives: 
• Managing the power system in real-time; 
• Planning for the province's future energy needs; 
• Enabling conservation and designing a more efficient electricity marketplace;  
• Balance of Energy supply and demand [18]. 
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The site of IESO informs 24 hours a day, on an hourly basis, which is the current demand and 
supply of electricity in the province, the projected demand for the next hour and the peak 
demand hour of the day. In addition, it informs the price of the Hourly Ontario Energy Price 
(HOEP), which the average of the twelve 5-minute price negotiated in the Wholesale market, 
the Global Adjustment charge by consumption and the average weighted price, for customers 
that do not own a smart meter. The HOEP and Global Adjustment will be detailed on the 
following sections. 
 
A baseload demand in Ontario is regarded between 11,000 and 15,000 MW, where 
Hydropower generators and Nuclear power plants are working and price of energy is lower. 
 
• Baseload demand (11,000 – 15,000 MW) – Mainly Hydropower and Nuclear power. Also, 
some Wind and Solar power (intermittent). 
Figure 3-1 IESO Website with hourly Demand, Supply and Price 24 hours 
a day[18] 
 Taken from IESO Website (2018) 
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A peak demand is regarded from 15,000 MW on, which it may reach up to 10,000 MW in 
addition of it. In this case, the price of electricity will be higher, because it will be necessary 
to activate also the gas and biofuel fossil fueled thermal generating stations and the intermittent 
wind and solar power with a high supply. Unfortunately, this strategy is not clean for a peak 
demand period in Ontario. 
 
• Peak demand (from 15,000 MW on and up to 10,000 MW in addition) – Hydropower, 
Nuclear power, Fossil Fueled thermal generating stations, Wind power and other sources. 
 
In summary, IESO is in charge of the electrical system and market operator in Ontario, where 
it directs the flow of electricity across the grid and administer the wholesale electricity market, 
which will be detailed below. 
 
An overview of Electricity Generation, Transmission and Utilities will be provided on the 
chapter below, before moving on electrical power Criteria for residential and business 
consumers in Ontario.  
 
3.5 Electricity Generation, Transmission and Utilities  
Electricity is generated at power plants and moves through the grid, of electricity substations, 
transformers, and power lines that connect electricity producers and consumers.  
 
The entire electricity grid consists of thousands of kilometers of high-voltage power lines 
(Transmission) and thousand of kilometers of low-voltage power lines with distribution 
transformers (Distribution) that connect power plants (Generation) to millions of electricity 
final customers [29]. A schematic of a general electrical system is shown below. 
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3.5.1 Generators 
Generators produce the electricity we use. They include facilities powered by nuclear, hydro, 
natural gas, wind and solar sources. In ON, the largest generator is Ontario Power Generation. 
3.5.2 Transmitters 
Once electricity is generated, it travels across Ontario on high-voltage transmission lines. 
These lines, which are mostly owned and operated by Hydro One, take power from the 
generator to the doorsteps of local utilities. There, it is put through transformers that convert it 
to low-voltage power. It is then sent out on distribution lines. 
3.5.3 Distributors 
Local utilities (also known as distributors) own and operate the low-voltage lines that deliver 
power to home or business. They are also responsible for billing all final consumers [59]. 
 
 
 
 
Figure 3-2 Electricity Generation, Transmission and distribution[29]  
Taken from U.S. Energy Information Administration – How Electricity is Delivered to 
Consumers (2018) 
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3.5.4 Overview and Electricity Production Mix 
 
The electricity production mix in the province changed a lot from 2005 to 2016. In 2005, it 
was strongly depended on coal (19%), nuclear (51%), Natural Gas (8%) and hydropower 
(22%). The renewables sources, such as Solar, Wind and Bioenergy represented less than 1% 
of it. After closing the coal-fired power plants and replacing then by wind and solar plants 
parks through a 20–year long-term contract with private companies, the production mix 
improved so much, in terms of renewables energy generation and reduction of greenhouse gas 
emission. In 2016, the nuclear power generation was responsible for 58.5% of electricity, 
followed by Hydropower (23.3%), Renewable sources (9.5%, with Wind 6.8%, Solar 2.2% 
and Biomass 0.5%) and Natural Gas (8.2%).  
 
 
 
 
 
 
 
Figure 3-3 2005 and 2015 Electricity Production Mix in Ontario[40]  
Taken from Ministry of Energy, Northern Development and Mines of Ontario – 2005 and 
2015 Electricity Production Mix (2017) 
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3.6 Criteria and Billing for Residence, Business and the Global Adjustment 
In ON, the electricity rate is determined by the quantity of electrical power a consumer uses. 
Residential consumers and small businesses, for the most part, pay time-of-use (ToU) rates, 
while mid to large businesses pay the wholesale price [32]. 
3.6.1 Criteria and Billing for Residences and Small Businesses 
 
Most of residential and small business costumers pay time-of-use (ToU) rates, which means 
there is a variable price per kWh according to the hour of the day. Thus, consumers pay higher 
prices when electricity is more expensive and lower prices when it is less expensive. It is 
divided in 3 layers: off-peak, mid-peak and on-peak, whose rates are shown in the picture 
below. 
 
Figure 3-4 2016 Electricity Production Mix in Ontario[9]  
Taken from Ontario Energy Board – 2016 Electricity Production 
Mix (2018) 
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Off-peak rate is 6.5¢/kWh, mid-peak 9.4¢/kWh and on-peak 13.2¢/kWh, which are applicable 
in different hours during the summer and winter season: The summer time goes from May 1st 
to October 31st of each year, whose on-peak period is from 11:00h am to 05:00h pm, due to 
high air conditioning use during this time. On the other hand, the winter season is from 
November 1st to April 30th, whose on-peak period is in the morning, 7:00 to 11:00h am and in 
the late afternoon, 5:00 to 7:00h pm, due to the necessity of more lighting during shorter days. 
Off-peak periods are from 7:00h pm to 7:00h am, weekends and holidays.  
 
A consumer can choose from whom to buy the electricity. The vast majority (about 95%) buy 
electricity from their local utility. If the residential or small business does not do anything, it 
will be automatically charged from local utility and the electricity rate will be set by OEB.  
 
However, a consumer may choose to buy electricity from a private company that sells 
electricity under contract (called an electricity retailer). In this case, an agreed price is set 
between the consumer and the retailer in the contract [59]. In this case, the consumer must also 
Figure 3-5 Ontario's Current Time-of-Use Rates and Schedule[32]  
Taken from IESO – Electricity Pricing for Residents and Small Businesses (2018) 
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pay the Global Adjustment by consumption, which covers the cost of building new 
infrastructure and providing conservation programs to ensure enough electricity supply in the 
ON, together with the agreed price with the retailer. The Global Adjustment is already 
incorporated in ToU rate. Residents and small businesses consumers who do not own a smart 
meter (which track and capture electricity consumption on an hourly basis) pay the tiered rates:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-1 Residential and Non-Residential tiered rate[10] 
Taken from Ontario Energy Board – Residential and Small Business 
Tiered rates in Ontario (2018) 
26 
As displayed below, a ToU residential and small business monthly bill statement is divided up 
in three prices/kWh, together with delivery price from utility, regulatory (for the reliable 
management of power system approved by OEB) and only federal tax.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Province really encourages the consumer to use the demand response in their routine, 
which is a change in end-user electricity consumption patterns due to fluctuating in market 
prices [60]. The smart meters show the energy consumption on an hourly basis to assist 
customer to save energy on the current and future hour.  Also, The Province encourages clients 
to follow the energy conservation/efficiency programs  [61], where it gives some money back 
Figure 3-6 Sample of ToU rate Monthly Bill 
Statement[11]  
Taken from Ontario Energy Board – Residential 
and Small Business Consumers Monthly Bill 
Statement (2018) 
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for each energy saving equipment installed at home or smart devices and controller, for 
instance: Smart Thermostat - $100 back, Heating & Cooling incentive (up to $850.00 rebate) 
and Whole home conservation program with an energy advisor inspection [62]. 
3.6.2 Criteria and Billing for Mid to Large Businesses 
 
Businesses with a peak demand over 50 kW pay the Wholesale price for electricity, also called 
as HOEP – Hourly Ontario Energy Price, in one of these 3 ways: 
• Business with an interval meter: pay the Hourly Ontario Energy Price  
• Business without interval meter: pay the Average Weighted Price 
• Business may choose to enter a fixed-price contract with an electricity retailer 
 
The HOEP covers the cost of producing electricity. Business also pay the global adjustment 
rate on their monthly consumption, which covers the cost of building new infrastructure and 
providing conservation programs in ON. A summary of these costs are presented at IESO 
website: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7 IESO 's Current Electricity Demand, Supply and Price[18]  
Taken from IESO -  Website with hourly electricity demand, supply and price 
24 hours a day (2018) 
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An update status of it is shown on an hourly basis, which brings the current demand and supply 
of electricity in the province, the projected demand for the next hour and the peak demand hour 
of the day [63]. In addition, it informs the price of the Hourly Ontario Energy Price (HOEP), 
which is the average of the twelve 5-minute market clearing price (bid price) set in each hour, 
negotiated in the Wholesale market operated by IESO.   
 
Business also pay the following charges: 
• Transmission Network (power cost); 
• Transmission Connection (power cost); 
• Distribution Charge (power cost); 
• Wholesale Market Service (WMSC) (energy cost); 
• Debt Retirement (energy cost); Note: used in 2017 Simulation, but taken off in 2018. 
• Standard Supply Services  (fixed cost); 
• Monthly Service Charge (fixed cost). 
 
Both HOEP and Global Adjustment Charge are considered as Energy cost and they will be 
added together with the charges above, for mid to large business monthly bill. Main Definition: 
 
HOEP: The Hourly Ontario Energy Price is the average of twelve market clearing prices set in 
each hour. Based on real-time bids of electricity offer & demand in the wholesale market, IESO 
issues an average price each 5 minutes, which depends on the electricity demand in ON. The 
price also takes into account factors such as weather, time of day, day of week and economic 
conditions. A business also has the option of buying electricity through its local utility and 
paying the HOEP or paying a fixed rate through an energy retailer licensed by the OEB. 
 
Global Adjustment: The Global Adjustment covers the cost of building new generation and 
other forms of supply to ensure enough electricity supply is available over the long term. The 
charge accounts for the difference between the market price of electricity and the rates paid to 
various contracted and regulated generators and other suppliers across Ontario [39]. 
 
29 
 
The global adjustment is set monthly to reflect: 
• The differences between the wholesale market price for electricity, known as Hourly 
Ontario Energy Price (HOEP) and: 
o Regulated rates for Ontario Power Generation’s nuclear and hydroelectric 
generating stations; 
o Payments for building or refurbishing infrastructure such as gas-fired and 
renewable facilities and other nuclear, as well as the contracted rates paid to a 
number of generators across the province; 
• The cost of delivering conservation programs. 
 
Global Adjustment by Monthly Consumption: 
The Global adjustment by consumption is mandatory for Residents, all small and medium 
businesses customers (up to 499.99 kW), which pays it directly or indirectly in their monthly 
bill. It is a monthly value (¢) per kWh, which is multiplied by the monthly consumption (kWh) 
of the customer. 
 
All consumers in ON pay the global adjustment, even residential and small business, whose 
charge is already incorporated indirectly in the ToU or tiered rates. Except for retail contracts, 
which is paid directly. Consumers with a peak demand over 50 kW are referred as Class B and 
pay it directly on their monthly bill. Consumers over 500 kW under the Industrial Conservation 
Initiative (Business classified as a large energy user [39]), is referred as Class A [64]. 
 
Global Adjustment by Peak Demand Factor:  
The Global Adjustment (GA) by Peak Demand Factor (PDF) is based on Percentage 
Contribution to the top five coincident peaks in Ontario during a 12-month period and they are 
charged for the per cent of total GA costs through the next adjustment, or billing period. [42]. 
It is eligible for clients from 500 kW and up (conditions apply), where consumers over five 
MW are automatically joined to the program.  
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For example, if a Class A customer is assessed to be responsible for one per cent of Ontario's 
coincident peak demand for the five highest hours of a set base period; they will be charged 
for one per cent of total GA costs on the following 12-month period. The breakdown of 
calculus is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-2 Global Adjustment per Percentage Contribution or 
Peak Demand Factor[42]  
Taken from IESO - Calculating Peak Demand Factor for 
Global Adjustment per Percentage Contribution (2018)  
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Participation in the Electricity Wholesale Market: 
Large consumers connected to the Transmission Grid buy electricity through IESO-
administered market. They are non-dispatchable, if they do not participate of the electricity 
supply and demand bids of the Wholesale Market. In this case, they pay the HOEP. On the 
other hand, they are dispatchable loads, if they can adjust their energy use in response to five-
minute dispatch instruction from IESO. In this case, they participate of the Wholesale 
Electricity Market administrated by IESO [32].  
 
In the IESO-administered market, the HOEP is charged to local distribution companies and it 
is also the basis for regulated rates charged to residential and small business consumers [65]. 
 
Wholesale Electricity Price: 
The electricity wholesale market occurs through bids between dispatchable generators and 
large load consumers in a real-time operation, with IESO between them to manage the 
province’s power demand & supply and, consequently, the applicable price in each 5 minutes. 
Thus, HOEP is the average of the twelve market clearing prices set in each hour. 
 
The wholesale price is dynamic and changes hourly based on demand & available electricity 
supply. Everyday, IESO issues expected demand forecast for days ahead w/ 1,400 MW reserve. 
 
Generators submit offers to IESO indicating the amount of energy to supply and desirable price 
to receive, while large consumers submit bids into the market with the amount of energy to be 
acquired and desirable price to pay. IESO accepts the lowest-cost offers to supply electricity 
until sufficient power is available to meet ON’s demand. Then, IESO dispatches generators 
and importers to provide more electricity with a different price depending on generator source. 
In consequence, the wholesale price of electricity rises as more expensive forms of generation 
are brought online to meet demand. A new market clearing price is set each 5 minutes [66]. 
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Real-time Energy Market: 
The IESO’s real-time energy market matches the supply and demand of electricity in Ontario.  
Every 5 minutes, a market-clearing price is set based on the bids and offers that are settled in 
the wholesale electricity market. 
 
Role of Dispatchable generators: 
Dispatchable generators submit offers to supply electricity in specific quantities and prices for 
each hour of the day. Each 5 minutes, they adjust the amount of electricity they generate as 
instructions by IESO. 
 
Role of Dispatchable loads: 
Large energy consumers (or loads), can submit bids to buy electricity. They adjust their power 
consumption in response to instructions from IESO each 5 minutes. If the Ontario energy price 
is higher than the price they desire to pay, instructions will be sent to the load, in order to 
reduce its consumption. 
Figure 3-8 IESO's Control Room of Wholesale Market in real-time[30] 
Taken from IESO – Control Room System and Market Operator (2018)  
33 
 
Role of Importers and exporters: 
The Ontario electricity market is interconnected with five other districts: Manitoba, Minnesota, 
Michigan, New York and Quebec. Market Participants can export, import and move energy 
through Ontario from one jurisdiction to another. In order to export or import, the market 
participants will make a bid in the IESO-administered market to purchase or sell energy, in a 
scheduled time [67]. 
 
Monthly Billing for Mid to Large Businesses: 
There are 09 (nine) different charges of the electricity monthly bill for mid to Large Business 
in ON. Each charge was already mentioned in the chapter: “3.6.2 Criteria and Billing for Mid 
to Large Businesses” and HOEP and GA already explained. A summary of each charge and its 
electricity rate values are presented below: 
 
 
 
 
 
 
 
 
 
 
Table 3-3 Monthly Bill Charges for Mid to Large Business[39]  
Adapted from IESO – The Bottom Line of Energy Management (2017) 
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1) Energy Cost: HOEP: is the average of the twelve market clearing prices set in each hour. 
2) Energy Cost: Global Adjustment (GA) covers the cost of building new infrastructure and 
providing conservation programs. GA by Consumption: monthly value, cents (¢) per kWh, 
multiplied by the monthly consumption (kWh) of the customer. GA by PDF is according 
to the calculus presented on table: “3-2 GA by PDF”. The 2017 monthly fees are shown 
below.  
 
 
 
 
 
 
3) Energy Cost: Regulatory: Wholesale Market Service (WMSC) of 0.0057$/kWh is charged 
to provides the reliable management of the power system and the wholesale electricity 
market. It is approved by the OEB. 
4) Energy Cost: Debt retirement fee of 0.007$/kWh is charged to pay down the residual 
stranded debt of the former Ontario Hydro. This charge was removed from all customers 
from April 1st  2018 on [56], but it was considered in the simulation which occurred in 
2017. 
5) Fixed Cost: Standard Supply Services of $0.25 to cover a portion of the administrative cost 
that the Utility incurs.  
6) Fixed Cost: Delivery: Monthly Service Charge of $85.00 to cover administrative costs such 
as meter reading, billing and customer services. 
7) Power Cost: Delivery: Distribution Charge of 4.00 $/kW to cover the cost of delivering 
electricity from the transmission system to the business. This charge is used to build and 
maintain distribution lines, towers and poles. Distribution rates vary according to each 
Utility rate contract and local municipality. It is a variable rate, which is regulated by OEB.  
8) Power Cost: Transmission Network of 3.65 $/kW, which allows the electricity 
Transmission company to recover costs of operating and maintaining high-voltage system 
 
Table 3-4 Global Adjustment by Consumption [20]  
Adapted from IESO – Global Adjustment by Consumption (2018) 
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that carries electricity from generation stations to local Utility. Transmission rates vary 
according to each Transmission company contract and local municipality. It is a variable 
rate, which is regulated by OEB. 
9)  Power Cost: Transmission Connection of 2.45 $/kW, which allows the electricity 
Transmission company to recover costs of operating and maintaining high-voltage system 
that carries electricity from generation stations to local Utility. Transmission rates vary 
according to each Transmission company contract and local municipality. It is a variable 
rate, which is regulated by OEB. 
 
Power factor - Power factor is the measure of how effectively equipment converts electric 
current into useful power output, such as light, heat or mechanical motion. In the sample of 
Mid to Large Business Monthly Bill Statement, 93.2% was utilized; Real Power (kW) = 
Apparent Power (kVA) x Power factor [39]. 
 
Loss Adjustment Factor – Losses from high-voltage transformers to low-voltage are paid by 
the business for HOEP, GA and WMSC charges, calculated as: metered consumption + loss 
adjustment factor. Except for Debt retirement charge, based on the real metered consumption. 
 
The largest part of electricity bill comes from the GA (cost of building new infrastructure and 
providing conservation programs) and HOEP (cost of producing electricity). Also, the quantity 
of charges are related to a large electrical system in ON, with OEB, IESO, public and private 
power generators, transmitters and utilities. In addition, the power generation mix based on 
Nuclear, Gas, Hydropower, Wind and Solar, some of them with a long term contract with a 
minimum revenue stream, a huge deficit  of Ontario Hydro from nuclear plants projects, coal 
power plants closure, high investment in infra-structure and a surplus of electricity available. 
 
 
 
A Sample of a mid to Large Business Monthly Bill Statement in ON is shown below. 
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Figure 3-9 Sample of Mid to Large Business Monthly Bill 
Statement in ON[39]  
Taken from IESO – The Bottom Line of Energy Management 
(2017) 
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3.7 Demand Response Auction 
DR includes all intentional electricity consumption pattern modifications by end-use customers 
that are intended to alter the timing, level of present demand or total electricity consumption [60]. 
 
The (DR) Auction from IESO provides a transparent and cost-effective way to select the most 
competitive providers of DR, while ensuring that all providers are held to the same performance 
obligations. The DR Auction occurs annually starting on the first Wednesday of December. 
 
Pre-Auction Report Requirements: 
• Key Milestone Dates, including submission of capacity qualification documents, payment 
of auction deposit, and date of auction; 
• Target Capacity; 
• Maximum and Minimum Clearing Prices; 
• Capacity Limits and Zonal Constraints. 
 
IESO will process all submitted demand response auction offers, determine clearing price and 
quantities. The results will be published, as follow: 
• DR Auction clearing price; 
• Amount of MW cleared for each electrical zone; 
• List of successful DR Auction Participants and their DR capacity obligations; 
• Qualified demand response capacity, by participant. 
 
Post DR Auction Report: 
The successful participants will be required to become authorized, as Demand Response Market 
Participants, which will enable them to register resources to deliver on their DR Capacity 
Obligations. The participants will receive availability payments for providing DR Capacity, subject 
to non-performance charges [68]. 
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3.8 Peak Demand, Energy Grid Output and Available Capacity vs. Demand 
The main Peak Demand of the province occurs in the summer, mainly from air conditioning 
system use at its highest, where it may reach up to 25,000 MW. During 2016-2017 period, the 
first peak demand was 23,213 MW in September 2016, followed by 21,168 MW in June 2017. 
During the winter, the peak was around 20,500 MW, which was lower than in the summer, 
because most of residential heating system is fed by Natural Gas (instead of electricity) [48]. 
  
 
 
 
 
 
 
 
 
 
 
 
The 2016 Monthly Energy grid output by Fuel type below, reveals that gas power plants work 
in higher capacity in summer time during the peak power in the province. In addition, the wind 
power plants produce more energy during the winter, where a cold weather together with 
continuous period of wind contribute to a higher generation of electricity from this renewable 
source.  
 
 
 
 
Figure 3-10 Ontario’s Monthly Peaks Power and Minimums[24]  
Taken from Ontario Energy Report Q2 2017 (2017) 
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The chart below shows the Ontario’s available capacity versus actual demand from 2009 to 
2014. It reveals that the 2014 peak power demand was around 23,000 MW, the average 
baseload demand around 15,500 MW and there is around 30,000 MW of available resources 
to be utilized anytime. Thus, a surplus around 30 % over the peak demand is available. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11 Ontario’s Monthly Energy Grid Output by Fuel Type[24]  
Taken from Ontario Energy Report Q2 2017 (2017) 
 
Figure 3-12 Ontario’s available capacity vs. actual demand[33]  
Taken from The Globe and Mail Website (2017) 
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The 2013 Long Term Energy Plan and Reserve Margin chart above forecasted a gross peak 
demand around 25,000 MW and reserve margin of 30,000 MW for 2016 and 2017. Due to an 
excellent encouragement from local utilities, IESO, OEB and province advertisements to 
participate in energy efficiency programs and ToU demand response initiative for residential 
and financial incentives together with demand response auction for large consumers, the peak 
power demand was reduced from 25,000 MW to 23,000 MW in 2016. Therefore, a surplus of 
around 30% over the peak demand is present, which is over the 20% recommended for 
planning purposes.  On the other hand, this extra electrical energy available is linked to a 20-
year contract with a minimum revenue stream with private companies from Wind Power and 
Solar Photovoltaic farms, no matter if the production is sold or not. Thus, this bill is paid by 
all consumers in ON as Global Adjustment charge. 
 
 
Figure 3-13 LTEP Gross Peak Demand and Reserve Margin[36]  
Taken from IESO – LTEP Gross Peak Demand and Reserve Margin (2018) 
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3.9 Percent of Installed Energy Capacity versus Actual Annual Supply 
The 2014 installed energy capacity versus actual annual supply chart informs that 35% 
Ontario’s electrical capacity is nuclear, however around 60% of electricity consumed in ON 
comes from Nuclear power plants. So, it means that they are running non-stop (over capacity), 
while some other power sources, such as: Wind, Solar and Gas power plants are under capacity.  
 
 
 
 
 
 
 
 
 
 
 
3.10 Cost Components of Ontario’s Electricity System  
The breakdown of 2014 Ontario’s electricity system cost components shows that 62.1% of 
overall costs belong to Generation, followed by Distribution 17.9% and Transmission 8.4%. 
The rest, 11.6% to cover Conservation programs and other extra fees imposed by the Province 
electrical system. 
Figure 3-14 Ontario's 2014 Installed Energy Capacity vs. Actual annual supply [33] 
Taken from The Globe and Mail Website (2017) 
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3.11 Greenhouse Gas Emission for Ontario’s Electricity Sector 
Ontario’s greenhouse gas (GHG) emissions have declined significantly over the past 10 years 
from 33 Megatonnes (MT) of carbon dioxide equivalent (CO2e) in 2005 to approximately 
4 MT in 2017 [38]. Approximately 30 megatonnes of Greenhouse Gas Emission was removed 
from the phase out of coal as a fuel source of the electricity generation sector. It is equivalent 
of removing 7 million cars from Ontario's roads. The fall of around 80% between 2005 and 
2015 was mainly from the closure of coal thermal power plants as well as the leftover is mostly 
from Natural Gas thermal power plants generation. The chart below illustrates this fall. 
Figure 3-15 Cost Components of Ontario's Electricity System  [33] 
Taken from The Globe and Mail Website (2017) 
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Ontario's investments in clean generation sources - water, nuclear, wind, solar, bioenergy - 
along with the elimination of coal-fired electricity generation, have significantly 
reduced GHG emissions.  
 
Ontario's electricity sector is forecasted to account for only about two per cent of Ontario's 
total GHG emissions in 2017 and the emissions are forecast to be more than 80 per cent below 
1990 levels. Emissions are expected to remain well below historical levels and to be relatively 
flat over the planning period of 2017-2035. 
 
Ontario will continue to look for ways to keep GHG emissions in the electricity sector low, 
and work with carbon-free generators to meet the province's emissions reduction targets  [38]. 
 
 
Figure 3-16 Greenhouse Gas Emission for Ontario Electricity Sector[38]  
Taken from Ministry of Energy, Northern Development and Mines of Ontario – 
Greenhouse Gas Emission for the Ontario Electricity Sector (2017) 
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CHAPTER 4 
 
 
QUEBEC’S ELECTRICAL POWER SYSTEM AND BILL 
4.1 Contextualization 
Undoubtedly, Quebec owns the lower electricity rates in Canada. An excellent geography to 
generate electricity from Hydropower stations, responsible for 94.5 % out of 99.8% of power 
delivered from renewable sources in Quebec, together with a long term benchmark business 
management [17]. 
 
Below, an overview of the Quebec’s electrical power system will be provided with all 
applicable billing charges for residential, small business and mid to large-power consumers. 
 
4.2 Hydro Québec Electricity System 
Hydro Quebec is one of the few energy producers in the world that produces and delivers 
99.8% (ninety-nine and eighty per cent) of renewable power supply. With low Hydropower 
station operation costs, large volume of available electricity and reservoirs’ ability to support 
intermittent energy sources, it strongly contributes to achieve a low-carbon economy 
collectively in the world [17]. 
 
94.5% (ninety-four and fifty per cent) of Hydro Québec electricity generation comes from 
hydroelectric power, where it owns the 9th (largest) and has a participation of 34.2% [69] on 
the 10th largest hydroelectric power plants in the world [70], Robert-Bourassa and Churchill 
falls (Labrador), respectively. HQ takes advantage based on its geography and successful 
management to produce a huge quantity of electricity from clean and renewable energy, to 
export it and still produce one of the cheapest electricity in NA, due to its low hydropower 
operational costs. A schematic of a Hydropower generation power plant is shown below. 
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A hydroelectric generating station is a plant that produces electric power by using water to 
propel the turbines, which, in turn, drive the alternators [22]. In summary, the water intake 
from a Dam is used to turn a propeller-like piece, a turbine. Then, it turns a metal shaft in 
an electric generator, which is the motor that produces electricity. When the rotor turns, it 
causes the field poles (electromagnets) to move past the conductors mounted in the stator. This, 
in turn, causes electricity to flow and a voltage to develop at the generator output terminals [7].  
 
In 1971, the James Bay Project was initiated between HQ and the Quebec government, to build 
a series of hydroelectric-power plants on the east cost of James Bay, with a potential installed 
capacity of 16,000 MW, divided up into phases [71].  
 
Nowadays, James Bay is responsible for the majority of QC’s electricity production [70, 72], 
where it counts on 11 (eleven) Hydropower stations with a total of 17,418 MW of installed 
capacity. A summarized table and a map of their hydropower plants location are shown below. 
 
Figure 4-1 Schematic of a Hydropower station[7] 
Taken from U.S. Geological Survey’s – 
Hydroelectric power: How it works (2016) 
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Figure 4-2 Map of James Bay Hydropower stations in QC[4]  
Taken from Hydro Québec – Map of 11 Hydropower stations at 
James Bay in Quebec (2016) 
Table 4-1 James Bay Hydropower plants summarized information[22]  
Taken from Hydro Québec – Hydroelectric Generating Stations (2018) 
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The 7,722 (5,616+2,106) MW Robert-Bourassa Hydropower Generating Facility at James Bay 
in the heart of Taiga, ranks as the world’s 9th (ninth) biggest hydropower plant, the largest in 
NA and the world’s largest underground generating station [70, 72]. A picture is shown below. 
 
4.3 Electricity Supply in QC 
The Renewables Energy sources was responsible for 99.78% of the Electrical generation in 
Quebec, while 0.22% came from non-renewables. The Non-Renewable sources were made up 
in two categories: Fossil Fuel: 0.04% (composed by Gas, Coal and fuel oil) and Nuclear: 
0.18%. The Other Renewables 5.31% was made up in three categories: Wind: 4.38%, Biomass: 
0.87% and Biogas, waste and solar: 0.06% [28]. The chart below displays it in more details. 
Figure 4-3 Robert-Bourassa (formerly La Grande-2) Hydropower Generation station[13] 
Taken from Hydro Québec – Robert Bourassa Generating Facility (2018) 
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The Total electrical energy generated and purchased by Hydro Québec in 2017 was 221,097 
GWh, which is represented better by the chart below, from 2014 to 2017. 
 
 
  
 
 
 
Figure 4-4 2017 Electricity Supply mix in QC[28]  
Taken from Hydro Québec – Hydro Québec’s Electricity 
Facts (2018) 
 
Figure 4-5 Total Electrical Energy Generated and Purchased by HQ (TWh)[17] 
Taken from Hydro Québec – The Sustainability Report 2017 (2018) 
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The breakdown of the electrical energy generated and purchased in GWh is displayed below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hydro Québec has generated by its own, 177,091 GWh, which corresponds to 80% of total. 
The biggest part of the purchased electrical energy comes from the Churchill Falls (Labrador) 
Corporation Limited Hydropower station, where HQ owns 34.2% of it and has the right to 
acquire almost all of its output until 2041.  
 
 
Figure 4-6 2017 Breakdown of electricity generated 
and purchased by HQ (GWh)[17]  
Taken from Hydro Québec – The Sustainability Report 
2017 (2018) 
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4.4 Criteria and Billing for Residential and Business Consumers 
The electricity rate in Quebec is determined by the quantity of electrical power a consumer 
uses and its category. Hydro Québec owns a huge list with different rates and categories for 
residences, farms, small, medium, commercial, industrial, service large, industrial large, off-
grid and other customers, whose complete breakdown is included in the Appendix I – 2017 
HQ Electricity Rates for Residence and Business. In this thesis, two rates will be studied: the 
Domestic rate or D rate for residence and Service LG rate for a five MW consumer as ÉTS.  
4.4.1 Criteria and Billing for Residences  
 
D rate is usually applied to domestic, which includes residences and farms (crop and animal 
farming). In most cases, the electricity supplied is metered separately or bulk metering (whose 
total amount is divided up among its users).  
 
D rate is divided up in a fixed charge and a variable amount reflecting energy consumption, 
divided into two tiers: First tier (1st tier) is billed at a lower price than Second tier (2nd tier) 
[46]. 
 
From the end of 70s up to March 31, 2017, the first tier was set at 30 kWh a day, or 900 kWh 
a month. On April 1st 2017, it was raised from 30 to 33 kWh a day and updated again on 
April 1st 2018, where it was raised to 36 kWh. 
 
It represents an estimated saving of 90 kWh a month and up to 18% of saving in 2017, as well 
as 180 kWh a month and up to 35% saving from 2018 on. It is excellent for small costumers 
that use electricity for heating during winter season.  
 
A summary of each charge and its electricity rate values are presented below. 
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1) Energy Cost: First tier pays a lower amount, 0.0582/kWh up to 33 kWh of consumption 
per day, according to the 2017 rates. 
2) Energy Cost: Second tier pays a higher amount, 0.0892/kWh from what exceeds 33kWh 
per each day, according to the 2017 rates. 
3) Fixed Cost per day: Fixed charge of 0.4064 $/day in the consumption period, according to 
the 2017 rates. 
 
These residential electricity rates represented the lowest in North America in 2017. The 
comparison prices for a 1,000 kWh monthly bill residential consumer among the largest cities 
in NA are displayed below. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-7 The lowest Residential in North America in 2017[8]  
Taken from Hydro Québec – 2017 Annual Report (2018) 
 
Table 4-2 Monthly Bill Charges for a D Consumer[46, 47]  
Adapted from Hydro Québec – Rate D – Rate for residential and farm 
customers and 2017 Electricity Rates & Conditions of service (2018 and 2017) 
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A sample of a residential Monthly Bill Statement in QC is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.2 Criteria and Billing for a Large Service Businesses as ÉTS 
 
The LG Rate is applied for an annual subscription with a minimum power demand of 5 (five) 
MW or more and that is not related to an industrial activity.  
 
An amount for energy in kilowatt-hours (kWh) is consumed during the period and an amount 
for the power demand in kilowatts (kW). The LG rate is a monthly rate, which means that the 
amount billed for power and consumption are based on a 30-day period [73]. 
Figure 4-8 Sample of a Residential Monthly Bill in QC[43]  
Taken from Presentation of the course ENR810 ÉTS by D. Rousse (2018)  
54 
Thus, there are 02 (two) different charges of the electricity monthly bill for a 5 MW LG Service 
Consumer, as ÉTS. A summary of each charge and its rate values are presented below. 
 
 
 
 
 
 
 
 
 
 
1) Energy cost: The Real Monthly Consumption is multiplied by 3.42 ¢/kWh. In June 2017, 
ÉTS consumption was: 2,800,656.0 kWh * 0.0342 $/kWh = $95,782.44. 
2) Power Cost: The Monthly Power Demand is multiplied by 13.11 $/kW (*). The Power 
Demand will be explained in details on the next page. 
3) Power Cost: The Feed Credit rate of 0.98100 $/kW is deducted from the Demand Charge 
of 13.11 $/kW.  
Feed Credit: Hydro-Québec rates are set for low-voltage electricity service. If the business 
owns the equipment that allows lowering the voltage of electricity supplied by HQ or if the 
business uses the electricity at medium voltage or high voltage, it avoids costs to HQ. A 
monthly credit applicable to the price of the power is then, granted to the business. This 
credit varies according to the voltage of the electricity delivered [73]. 
4) Power Cost: The Adjustment for Transformation Losses rate of 0.17760 $/kW is deducted 
from the Demand Charge of 13.11 $/kW. After deducting all losses of Feed Credit of 
0.98100 $/kW and Adjustment for Transformation Losses rate of 0.17760 $/kW, the Real 
Demand Charge is multiplied by 11.9514 $/kW. 
 
The Adjustment for Transformation Losses: Hydro-Québec only charges the customer for 
the electricity it actually receives. Therefore, it intends to assume that the transformation 
Table 4-3 Monthly Bill Charges for a LG Service Consumer [47, 73]  
Adapted from Hydro Québec – Large-power Client Service LG rate and 2017 
Electricity Rates & Conditions of service (2018 and 2017) 
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losses is associated with the delivery of electricity. In some cases, the measurement is 
carried out before the transformation; the electricity billed is then to include the energy lost 
at the stage of the transformation, and therefore not received by the customer. This is why 
a compensation on billing power is granted to the customer so that lost energy is not his 
responsibility [73]. 
5) Fixed Cost: No fixed cost are presented in Quebec. 
 
(*) Power Demand  
In order to find out the Power Demand value, which will be multiplied by 13.11 $/kW or 
11.9514 $/kW (after deducting the Feed Credit and The Adjustment for Transformation 
Losses), Hydro Québec does the following analysis for a 5 MW LG Service Contract:  
1) Calculates the power demand in each 5 (five) minutes in a 30-day period. 
2) Calculates the average for each 15 (fifteen) minutes and picks up the maximum value of a 
15-minute average in a month, which is the peak power demand. In June 2017, the real 
power was 5,894.4 kW, as indicated in red in the chart below. 
3) After, HQ takes the apparent power of the same period, which was 6,248.5 kVA in June 
2017 and multiplies by its optimal power factor of 95%, to convert it to the real power [73]. 
This value was 5,936.1 kW in June 2017 (marked in a yellow dotted line in the Monthly 
Bill Statement). 
4) Then, HQ peaks the highest value between 5,936.1 kW and 5,894.4 kW and multiplies by 
11.95 $/kW (13.11 - 0.98100 - 0.17760), which is equal to $70,944.71. 
5) If the peak demand is lower than 5,000 kW, such as 4,800 kW, the consumer will pay for 
5,000 kW, which is the minimum, according to the LG Service Contract. 
 
The Peak Demand Chart and a Sample of a 5 MW LG Monthly Bill in QC are shown below. 
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6) If the peak power demand is lower than 5,000 kW, such as 4,800 kW, the consumer 
will pay for 5,000 kW, which is the minimum according to the LG Service Contract. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9 Chart of  Peak Power Demand for a LG Service Consumer [3]  
Taken from ÉTS Monthly Bill in 2017 (2017) 
5,894.4 kW 
 
 
5,000 kW 
5,894.4 kW 
Figure 4-10  Sample of a Large-Power as ÉTS Consumer in QC [3]  
Taken from ÉTS Monthly Bill in 2017 (2017) 
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4.5 Installed Capacity and Peak Power Demand 
The installed capacity of HQ is great. It owned 47,612 MW in 2017, where 78% or 37,309 
MW was operated directly by HQ Production or Distribution [8]. The rest was operated by 
independent power producers, such as: 39 wind farms with 3,508 MW, 8 biomass and 4 biogas 
cogeneration plants with 272 MW and Other suppliers with 988 MW. The exception is 
Churchill Falls (Labrador) Corporation, which HQ owns 34.2% of it [69] and has the right to 
buy almost all the output until 2041. The Churchill Fall Generating is the 2nd largest 
hydropower in Canada with 5,428 MW of installed capacity [70]. A total summary is below. 
 
 
 
Figure 4-11 Hydro-Quebec Installed Capacity in 2017 [17]  
Taken from Hydro Québec – The Sustainability Report 2017 (2018) 
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The Peak Power Demand in the province of Quebec was 38,204 MW in 2017, as shown below. 
 
 
 
The Peak Demand Figures in 2017 was issued on February 16, 2018. The highest values 
indicated correspond to the needs for the winter, including interruptible power. The peak for a 
given period is based on measurements at fixed intervals. The 2017–2018 winter peak was 
38,204 MW and occurred on December 28, 2017, at 5:00 p.m. [8]. HQ owns a Demand 
 
Table 4-4 Installed Capacity and Peak Power demand in 2017[8]  
Taken from Hydro Québec – 2017 Annual Report (2018) 
 
Figure 4-12 Peak Power Demand in Quebec (MW)[8]  
Taken from Hydro Québec – 2017 Annual Report (2018) 
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Response for mid to large-power business consumers, in order to encourage them to reduce 
the peak demand during winter season and get some financial assistance from the DR program. 
 
4.6 2017 Project Portfolio and Long-term Non-Heritage Supply 
The 2017 Project Portfolio of HQ is shown below, according to sustainability & annual report. 
 
 
Also, HQ has currently 75 contracts from 15 to 25 years for delivery of generated electricity 
by a variety of sources and also other signed agreements to secure future supply, with 
independent power producers [17]. 
 
 
 
 
 
Table 4-5 2017 Project Portfolio of Hydro Québec[8, 17]  
Adapted from Hydro Québec – 2017 Annual Report and The Sustainability Report 2017  
(2018 and 2018)  
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4.7 Demand Response Program – Gestion de la Demande de Puissance 
Demand Response refers to a wide range of actions which can be taken at the customer side of 
the electricity meter in response to particular conditions within the electricity system (such as 
peak period network congestion or high prices) [60]. 
 
In Quebec, firstly, a Pilot Project was implemented in some different kind of business, such as 
a bank, a school, some stores and administrative buildings, in order to test a potential power 
demand fall by implementing some demand response measures. After obtaining a successful 
 
 
Table 4-6 Long-term Non-Heritage Supply Under Contract[17]  
Taken from Hydro Québec – The Sustainability Report 2017 (2018) 
Table 4-7 Current and Planned Capacity Under Supply Contracts (MW)[17] 
Taken from Hydro Québec – The Sustainability Report 2017 (2018) 
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result, HQ implemented the Demand Response Program in 41 administrative and service centers. 
As a Result, the buildings’ power demand dropped by an average of 35% to 50% during the winter 
peak [17]. The name of this DR program is “Gestion de la Demande de Puissance” or GDP. 
 
In both 2018 and 2017, HQ is offering a financial assistance of $70/kW by reducing the power 
demand during Hydro-Québec’s winter peak times through prescheduled DR events  [74]. It 
means, that HQ will establish some specific days and period of time, which registered medium 
and large-power businesses may participate of the DR events. In addition, the business must 
save a minimum of 200 kW per hour of event, in order to be eligible to gain the financial 
assistance. Finally, it will be provided based on the average power reduction during all GDP 
events, which will take place in different days and times during winter season.  
 
Benefits of the Program: A substantial amount in recurring financial assistance each year, 
minimal investment, streamlined registration, voluntary participation, no contract to sign,  
no penalty if reduction target not met and a minimum amount granted if Hydro-Québec issues 
no Demand Response notice during the winter season [74]. 
 
A summary of the GDP Program Participant’s Guide Report will be provided below: 
• GDP Program: Reduction of the power demand of buildings during a winter’s period 
of high peak demand in Quebec. 
• Target Market: Commercial and institutional markets as well as small and medium 
industrial enterprises. 
• Eligible Clients: Any Customer having a communicating meter and whose subscription 
is subject to the service: DP, DM, G, G-9, M or LG. 
• Minimum Required Power to be eligible to the program: 200 kW. 
• Financial assistance: The unit amount of $70/kW is multiplied by the Eligible Power 
(kW), which is the average of power reductions of all GDP Events.  
• Eligible Power (kW): It is calculated based on the average of saved power in all GDP 
events. 
• Period of the Program: From December 01st to March 31st. 
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• Payment period: By May 31st, the Participant receives an email from HQ that provides 
him with the Calculation of Financial Support and asks him to send the invoice for it. 
• A GDP Event may occur during any of Hydro-Québec's Winter Peak Periods, which 
are from 6:00 am to 9:00 am and from 4:00 pm to 8:00 pm, or during these two periods, 
unless weekends and holidays 
• The maximum number of hours per Winter Period covered by GDP Events is 100. 
• A minimum four-hour notice period for which the participant is asked in advance by 
HQ to decrease the power demand recorded by the meters linked to the project. This 
notice will be provided by registered e-mail. [75]. 
 
A practical example of the GDP calculus is shown in the section 5.2.8 – Algorithm Description. 
 
4.8 Export Market 
Hydro Québec produces an extra volume of electricity from Hydro electricity, which is 
available to Export Market.  While Quebec’s residential consumers paid 0.07 $/kWh in 2017 
(with all HQ generation, transmission and distribution costs included), Boston and New York 
paid 0.28 $/kWh and 0.30 $/kWh [25], respectively (with all electricity purchase price, 
transmission and distribution cost paid by U.S. utilities included) [21].  
 
In 2017, HQ exported 34.9 TWh, mainly to New England region (52%) and New York City 
(23%) in the U.S., as well as to Ontario (15%) and New Brunswick (6%) in Canada, as 
displayed below. 
 
It is important to note that a relevant yearly profit from Hydro Québec comes from this export 
market. Also, it contributes to the environment by exporting electricity from a renewable 
energy source. 
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New England region corresponded to 52 % of HQ’s Export market.  This region is located in 
the northeast corner of the U.S. and comprised by six states: Maine, Vermont, New Hampshire, 
Massachusetts, Rhode Island and Connecticut [2].  The map of New England is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Over the year, emissions avoided by net electricity exports totaled 8.4 Mt Co2 eq [17].  
 
Figure 4-13 Hydro Québec Electricity 
Sales Outside Quebec - 2017[21]  
Taken from Hydro Québec – Export 
Markets in 2017 (2018) 
 
Figure 4-14 Map of New England States[2] 
Taken from New England Network (2018) 
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4.9 Greenhouse Gas Emission for Quebec’s Electricity Sector 
An audit was conducted through the bureau de normalisation du Québec (BNQ) in 2018, to 
assure the Electricity Supply and Air Emissions of HQ’s energy generation and purchases in 
2017. The atmospheric emissions of greenhouse gas (GHG) and others gases emission were 
analyzed and audited. Based on the materiality thresholds established for this mandate, the 
audit conducted by the BNQ served to attest that the targeted declarations are accurate and 
reliable and that they comply with the principles of standard ISO 14064- 1:2006 [28]. HQ 
emitted 0.26% or 558 out of 210,944 metric tonnes/TWh of carbon dioxide equivalent of 
greenhouse gas, in comparison to the regional average, with 0.01% from HQ generation. 
 
 
Figure 4-16 Comparison of Hydro Québec Gas Emission with Regional Average[28]  
Taken from Hydro Québec – Hydro Québec’s Electricity Facts (2018) 
 
Figure 4-15 GHG Emissions by Generating Option (g CO2 eq./kWh) in 2017[8]  
Taken from Hydro Québec – 2017 Annual Report (2018) 
  
CHAPTER 5 
 
 
MATLAB SIMSCAPE POWER SYSTEM SIMULATION 
5.1 The MATLAB SimScape Power System 
The MATLAB SimScape Power System model: Smart Micro-Grid was developed by Nicolas 
Mary and Professor Louis Dessaint, from the Chair on Electrical Network Security of the 
GRÉPCI (Groupe de Recherche en Électronique de Puissance et Commande Industrielle) [76]. 
This research group of the Electrical Engineering department from École de Technologie 
Supérieure worked in a partnership with Hydro-Québec for the Mathworks.  In addition, it was 
modified by the author’s of this master thesis, where it was added 08 new algorithms to work 
with Ontario’s electricity power system and billing, which is completely different from Hydro-
Québec. 
 
The model represents a Smart Micro Grid, which is a group of interconnected loads and 
distributed energy resources acting as a single controllable entity [77], composed of a 
Photovoltaic Solar panels farm, electrical vehicles charging stations, a Battery Energy Storage 
System (BESS) and Generics load representing commercial or industrial buildings. All these 
components work together with the help of a smart controller supported by load and 
meteorological forecasting. Using ‘Phasor’ Mode for simulation, it allows yearly simulations 
and economical studies of a smart micro-grid in few minutes [78]. A Phasor mode is known as 
frequency-time equation formulation, that leads to accurate simulation of AC models with 
larger time steps [79]. 
 
Results are saved both in Matlab Workspace and in Excel files to be easily exploitable. 
 
The main objectives of this model are: 
1) Simulate a smart micro grid composed of a renewable energy source and battery    energy 
storage system (BESS); 
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2) Simulate a full year with resolution up to 5 minutes in less than 10 minutes using Simulink 
Simulation “Phasor” Mode; 
3) Use public data for meteorological and load demand and allow user to use custom data; 
4) Use Simulink library “Battery” block with phasor mode; 
5) Allow testing of smart control algorithms for the BESS based on forecasts in order to: 
 -  Optimize use of photovoltaic panels’ production. 
 -  Achieve peak shaving on load consumption. 
 -  Reduce overall energy costs of the building. 
 -  Compute economic study to estimate costs and benefits of Smart Micro-Grid Projects 
[78].  
   
An overview of its main screen and blocks parameters are shown below. 
 
 
 
 
 
Figure 5-1 Main screen of Smart Micro Grid in Simulink[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018)  
M 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2 Prediction and Smart Control Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
Figure 5-3 Electrical Vehicles Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
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Figure 5-5 TMY3 Data to Power Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
Figure 5-4 Economic Study Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
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Figure 5-6 Battery Energy Storage System Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
Figure 5-7 Dynamic Load Module / Block[1]  
Taken from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a (2018) 
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5.2 Assumptions of the Simulation  
The assumptions utilized in this simulation and an overview of each block is presented below, 
in order to calculate the yearly and monthly electricity expenses of the ÉTS at MATLAB 
Simscape:  
5.2.1 Load: 
 
Represented by a 5MW Educational Building, Commercial, Light Industry and Custom loads, 
this block is a three-phase, three-wire dynamic load based on their load Profiles dataset. Active 
power (P) and reactive power (Q) absorbed by the load vary as function of load apparent power 
and power factor data. The profiles data are yearly data specified on a 5 minutes basis [1]. 
 
In this master’s thesis simulation, it was utilized ÉTS’s active power, power factor and 
apparent power data for each 5 minutes from 2015, 2016 and 2017 annual period [80]. 
5.2.2 Photovoltaics Panels  
 
The Solar Photovoltaic System represented the renewable energy source generation in this 
simulation. The Power of one module is multiplied by the number of modules in the array, 
giving the Array Power. In addition, the Power value output by the 'TMY3 Solar Data' block 
serves as input for the 'PV Farm' block, which output three phase AC current into the micro 
grid. For the ÉTS’s simulation, the following Solar Module specification, quantity and other 
related parameters were utilized: 
• Maximum Power Point (MPP) of array: 150 kW;  
• Number of Modules in array: 535 units; 
• Photovoltaic Module type: Canadian Solar CS6X-280M (Datasheet is attached in 
Appendix II); 
• Nominal Maximum Power per module: 280.08 W; 
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• Photovoltaic Cells per module: 72 units; 
• Cell Type: Mono-Crystalline 156 x 156 mm; 
• Module dimension: 1954 x 982 x 40 mm (76.93 x 38.7 x 1.57 in); 
• Normal Operating Cell Temperature (NOCT): 45o C; 
• Inverter efficiency: 95% (DC/AC Conversion Loss Coefficient). 
5.2.3 BESS (Battery Energy Storage System): 
 
A Battery Energy Storage System (BESS) is used to store electricity in the form of chemical 
energy and to convert to electrical energy when required [81]. It was implemented by using a 
modified Battery block from Simulink library. The original block has been modified to work 
with Simulation "Phasor" mode. The battery is Power-controlled by the Smart Control Module 
block [1]. Below is a summary of ÉTS’ parameters used in this simulation: 
• Battery Type: Lead-Acid; 
• Battery Module type : BAE SECURA OGi 250kW Battery (Datasheet is attached in 
Appendix III); 
• Battery Voltage: 512 V; 
• Battery Capacity: 1,953 Ah; 
• Maximum Discharge Power: 250 kW; 
• Two lead-acid battery banks plugged with 2 inverters of 125 kW AC Output Power; 
• DC-AC Power Inverter and Battery Controller Module type : GTIB-480-125 
(Datasheet is attached in Appendix IV); 
• Operating State of Charge (SOC) range:  20 – 100%; 
 
5.2.4 Electrical Vehicles (EV): 
 
No electrical vehicles simulation were held in this research. 
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5.2.5 Prediction and Smart Control Module: 
 
This block contains all the Algorithms that control the Micro-Grid. The Algorithms’ goal is 
achieve Peak Power Shaving in order to reduce Energy Consumption and lower Energy Bills. 
• Predictions are based on historical data, thus will always be the same as the real data 
used by the Model; 
• Algorithms available: Economic Study, Solar Power, Smart Bess, GDP (“Gestion de la 
Demande de Puissance”), a Demand Response program from Hydro Quebec and EV; 
• Global Model Parameters: each 5 minutes;  
• Peak Shaving limit: 5,000 kW [1]. Note: Peak Shaving is the process of reducing the 
amount of energy purchased from the utility during peak demand hours [82]. 
5.2.6 Temperature and Solar Data: 
 
Solar irradiance and Temperature from Montreal, QC, in hourly basis and modified to 5 minute 
data for 2015, 2016 and 2017 annual period. 
 
Data downloaded from Weather Stats website [83], whose data were obtained from 
Environment and Climate Change Canada [84] and from the Citizen Weather Observer 
Program [85]. 
5.2.7 Economic Study: 
 
Economic Study Algorithm calculates energy bills for every month using user-defined 
parameters in a 12 months period for ÉTS. It outputs results in base workspace and in a 
Microsoft Excel file. 
 
The Algorithm is only executed once a full year (365*24*3600 Sec) has been simulated.  
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All unit prices from Hydro Québec are described below [47]: 
• 2017 Energy Price ($/kWh): Price of one kWh: 0.0342$/kWh;  
• 2016 Energy Price ($/kWh): Price of one kWh: 0.0339$/kWh; 
• 2015 Energy Price ($/kWh): Price of one kWh: 0.0335$/kWh. 
 
• 2017 Gross Power Price ($/kW): Price per kW (+): 13.11$/kW; 
• 2016 & 2015 Gross Power Price ($/kW): Price per kW (+): 13.05$/kW. 
 
• 2017, 2016 & 2015 Feed Credit: ($/kW): Price per kW (-):0.98100$/kW; 
• 2017 Adjustment for transformation losses: Price per kW (-): 0.17760$/kW; 
• 2016 & 2015 Adjustment for transformation losses: Price per kW (-): 0.1767$/kW. 
 
• 2017 Net Power price: ($/kW): 13.11$/kW – 0.98100$/kW - 0.17760$/kW = $11.95; 
• 2016 & 2015 Net Power price: ($/kW): 13.05$/kW – 0.98100$/kW - 0.1767$/kW = 
$11.89. 
 
• 2017, 2016 & 2015 GDP Power Compensation ($/kW): Price per kW credited to 
participant of GDP demand response program: (-) 70$/kW during winter season. 
 
• Subscription Price ($/month): Fixed part of the monthly energy bill: 0 (zero) [1]. 
 
• Time of Use (ToU) Pricing: Some Energy Providers change Energy Price during the 
day to account for Peak Demand and encourage customers to postpone some energy-
consumption to off-peak period, where the price/kWh is lower. 
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5.2.8 Algorithm Description: 
 
The Economical Study Algorithm is based on a custom generic pricing strategy inspired by 
Quebec, Ontario, France and California's energy providers.  
 
The Electricity Bill is divided in three parts: Energy Cost, Power Cost and Subscription, which 
are then summed to create the Monthly Energy Bill. 
• Energy Cost = sum ( Energy Demand* Energy Price ); 
• Explanation: For every hour, Energy (kWh) consumed by the load is multiplied by the 
corresponding Energy Price. Every hour are summed to obtain Month's total Energy 
Part of the Bill. Thus, Energy Cost is equal to the sum of  Energy Demand from the 
first hour up to last hour of the month (kWh) multiplied by the Energy Price (2017 
example: 0.0342$/kWh). 
• Power Cost = Billed Power * Power Price ($). 
• Explanation: The Billed Power is the highest mean Power Demand recorded during 15 
minutes during the month. Billed Power cannot be inferior to the Contract Power (by 
default 5000kW for ÉTS). If the Load peak at 5100kW for 15 minutes with a contract 
power of 5000kW, the Billed power for the month will be 5100kW. However, if the 
Load peaked at 4800kW, the Billed Power will be equal to the contract Power: 5000 
kW. 
 
This Power Part is the main reason why Peak Shaving is interesting for Consumers. By 
reducing a Peak from 5500kW to 5000kW for example, using a Net Power Price value of 
11.95$/kW it allows consumer to save 500 kW*11.95$/kW = 5,975$ for the month. Thus, 
Power Cost is equal to the billed power (kW) multiplied by Gross Power Price (2017 example: 
13.11$/kW), minus the product of the same billed power (kW) by Feed Credit (2017 example: 
0.98100$/kW) and Adjustment for transformation losses (2017 example: 0.17760 $/kW). 
 
Subscription: Fixed part of the monthly bill, accounts for several costs that charge utilities to 
provide electricity to customers [1]. 
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GDP Credits: it consists of credits given to customers that accepts to reduce their consumption 
during winter peaks. 
 
Energy Provider emits some GDP alerts during winter and participant responds:  
• First: Morning Event (6am-9am): participant is able to reduce by 300kW his power 
demand.  
• Second: Evening Event (4pm-8pm): Participant is able to reduce by 250kW his power 
demand. At the end of the winter, a mean value of reduced power is calculated.  
• Here it would be Mean_Reduced_Power = 300 + 250 /2 = 275 (kW) Then, this value 
is multiplied by the GDP Power Compensation Value to calculate total credits customer 
will receive: Credits ($) = Mean_Reduced_Power (kW) * GDP_Power_Compensation 
($/kW).  
• In our example, GDP_Credits = 275 * 70 = 19250$. The Participant will receive 
19250$ at the end of the winter period. 
 
The Final monthly bill is calculated as follow : Monthly Bill = Energy Bill + Powerball + 
Subscription - GDP_Credits [1]. 
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5.3 Scenarios  
All algorithms created to simulate the monthly and yearly electricity expenses and savings 
scenarios for a 5 MW large customer as ÉTS in Ontario are described below: 
5.3.1 Scenario 00: ÉTS in ON and QC with electricity standard rates (baseline); 
 
Algorithm’s name: Algo_Economic_Study_Ontario2017_GA_by_Consumpt_Scenario_00. 
 
Description: 
This Algorithm calculates the total monthly and yearly electricity charges in Ontario with the 
HOEP (Hourly Ontario Energy Price), Global Adjustment by consumption and with the other 
following rates: 
 
The Hourly Ontario Energy Price (HOEP) fee is multiplied by ÉTS’ active power data in a 5-
minute interval period. In fact, the HOEP was obtained on an hourly basis and modified to a 
5-minute interval for an accurate simulation. In addition, its data was downloaded from IESO: 
http://www.ieso.ca/en/power-data/data-directory. 
 
The Global adjustment by consumption is mandatory for Residents all small and medium 
businesses customers (up to 499.99 kW), which pays it directly or indirectly in their monthly 
bill.  The Global Adjustment covers the cost of building new infrastructure and providing 
conservation programs in Ontario’s Province. It is a monthly value, cents (¢) per kWh, which 
is multiplied by the monthly consumption (kWh) of the customer. The 2017 monthly fees are 
described below:  
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Two fixed rates were utilized: Standard Supply Services ($0.25) and Delivery: Monthly 
Service Charge ($85.00).  
 
A Debt retirement fee of 0.007$/kWh is charged to pay down the residual stranded debt of the 
former Ontario Hydro. This charge was removed from all customers on March 31st 2018, but 
it was considered in our simulation that occurred in 2017. 
 
A Regulatory: Wholesale Market Service charge (WMSC) of 0.0057$/kWh is charged to cover 
the reliable management of the power system and the wholesale electricity market in Ontario. 
 
The others charges are regarded to Delivery: Distribution (4.00$/kW), Transmission Network 
(3.65$/kW) and Connection (2.45$/kW). 
 
This Algorithm simulated the baseline scenario, called as “00”, which will be compared to 
another six algorithms: Scenario 01, 02, 03, 04, 05A, 05B and 06. 
5.3.2 Scenario 01: ÉTS in ON with financial incentives and in QC with demand 
response; 
 
Algorithm’s name: Algo_Economic_Study_Ontario2017_GA_by_PDF_Scenario_01. 
 
Description: 
There is just an important change in the monthly bill charges, where the Global adjustment by 
consumption will be replaced by the Global adjustment by Peak Demand Factor. It is a 
Table 5-1 Global Adjustment by Consumption[20]    
Adapted from IESO – Global Adjustment by Consumption (2018) 
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percentage contribution to the top five peak in Ontario over a 12 month period, which is 
available for large customers over 500 kW (conditions are applied) and considered as a 
financial incentive.  A summary of the calculus is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-2 Global Adjustment per Percentage Contribution or 
Peak Demand Factor[42]  
Taken from IESO - Calculating Peak Demand Factor for 
Global Adjustment per Percentage Contribution (2018) 
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5.3.3 Scenario 02: ÉTS in ON with FI and Photovoltaic Arrays (150 kW) as well 
as in QC with standards rates and PV Arrays; 
 
Algorithm’s_name:_Algo_Economic_Study_Ontario2017_GA_by_PDF_wPV_noBess_Scen
ari_02. 
 
Description: 
This algorithm will add a 150 kW MPP (Maximum Power Point) of Photovoltaics Arrays in 
the simulation, in order to reduce the electricity bill.  The 150 kW PV Arrays represent just 3% 
of the 5MW power required to supply ÉTS and the energy produced will be injected in the 
electrical consumption of the buildings. The financial savings will be analyzed after the 
simulation. 
5.3.4 Scenario 03: ÉTS in ON with FI, PV Arrays (150 kW) and Batteries (250 
kW) as well as in QC with DR, PV Arrays and Batteries;  
 
Algorithm’s_name:_Algo_Economic_Study_Ontario2017_GA_by_PDF_wPV_wBess_Scen
ario_03. 
 
Description: 
This algorithm will add a 250 kW Maximum discharge power battery energy storage system 
(BESS) in the simulation, in order to reduce even more the electricity bill.  Two lead-acid 
battery banks plugged with 2 inverters of 125kW each will be simulated for 4 hours up to 20% 
of battery discharge (to preserve the battery lifetime) and they will be fed by grid energy.  
 
The battery capacity will be 1,953 Ah and it will be in charge of peak shaving any time the 
Electrical Power of ÉTS is over 5MW as well as it will attend the Demand Response program, 
“Gestion de la Demande de Puissance”(GDP) during winter season in Quebec. In Ontario, it 
will be used for the peak shaving over 5MW as well, in order to reduce the peak demand factor 
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(Global Adjustment by Peak Demand Factor charge) and consequently, the monthly and year 
electricity bill. The financial savings will be analyzed after the simulation. 
5.3.5 Scenario 04: ÉTS in ON with financial incentives and Batteries (250 kW) as 
well as in QC with DR and Batteries; 
 
Algorithm’s name: Algo_Economic_Study_Ontario2017_GA_by_PDF_noPV_wBess_S_04. 
 
Description: 
This algorithm will add a 250 kW Maximum discharge power battery energy storage system 
(BESS) in the simulation, in order to reduce the electricity bill.  Two lead-acid battery banks 
plugged with 2 inverters of 125kW each, will be simulated for 4 hours up to 20% of battery 
discharge. 
 
As already mentioned above, the battery capacity will be 1,953 Ah. It will be in charge of  peak 
shaving any time the Electrical Power of ÉTS is over 5MW as well as it will attend the Demand 
Response program, “Gestion de la Demande de Puissance”(GDP) during winter season in 
Quebec. In Ontario, it will be used for the peak shaving over 5MW as well, in order to reduce 
the peak demand factor (Global Adjustment by PDF charge) and consequently, the monthly 
and year electricity bill. 
 
5.3.6 Scenario 05: ÉTS in ON with FI, Batteries with Time of Use Pricing (250 
kW) and with and / or without PV Arrays (150 kW); 
 
Algorithm’s_name: 
Algo_Economic_Study_Ontario2017_GA_by_PDF_noPV_woptmBess_S_05A; 
Algo_Economic_Study_Ontario2017_GA_by_PDF_wPV_woptmBess_S_05B. 
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Description: 
This simulation will take place just in Ontario, where there is a variable price per kWh 
according to the hour of the day, night and dawn. The goal of using batteries with Time of Use 
pricing is to get them charged at night, where the $/kWh is lower and to use them during the 
day.  
 
The Algorithm 5A will simulate just the batteries with Time of Use pricing (250kW) and the 
algorithm 5B will add 150kW MPPT of Photovoltaic Modules in the simulation, to reduce 
even more the electricity consumption.  
5.3.7 Scenario 06: ÉTS in ON with FI, 500 kW PV Arrays and Batteries (250 
kW) as well as in QC with DR, 500 kW PV Arrays and Batteries; 
 
Algorithm’s_name:_Algo_Economic_Study_Ontario2017_GA_by_PDF_w1MWPV_wBess_
S_06. 
 
Description: 
The last algorithm will replace the 150 kW to a 500 kW MPP of Photovoltaic Arrays and 
consider the same battery capacity in the simulation. This random number of 500 kW is to 
evaluate the behavior of financial savings in Ontario and Quebec, when the Photovoltaic 
maximum power is raised from 3% (150 kW) to 10% (500 kW) of total power required to 
supply ÉTS (5MW).  
 
An economic feasibility study will be held at RETScreen Clean Energy Management Software, 
which was developed by the Government of Canada.  
 
A study indicated that there is enough surface area on the roof of ÉTS’ buildings in blocks B 
and A to fit 500 kW of Photovoltaic Arrays. The PV Arrays dimensioning study is included in 
the item 6.1.2 – Dimensioning of Photovoltaic Panels. 
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5.4 Basis of Calculs - GDP (Gestion de la Demande de Puissance) by MATLAB 
MATLAB considered the following GDP events to calculate the total credit from their demand 
response program, where a minimum of 200 kW per hour of event is required to participate of 
it. The calculus is based on the average of saved power (kW) in all GDP events during winter 
season and multiplied by 70$/kW, as HQ rate [86].  
 
 
Table 5-3 Basis of GDP calculus by MATLAB 
Adapted from MATLAB SimScape Power System Model: Smart Micro-Grid, 2017a 
(2018) 
  
CHAPTER 6 
 
 
TECHNICAL - ECONOMIC FEASIBILITY STUDY 
6.1 Technical Feasibility Study 
A technical study intends to evaluate the feasibility of a project in regard to its basic design, 
constraints, premises, dimensioning, place, time and general conditions to get it established 
from technical point of view. 
 
This master’s thesis will focus on dimensioning a 150 kW Maximum Power Point Photovoltaic 
Solar Panels Arrays (Scenarios 02, 03 and 05B) as well as a 500 kW MPP (Scenario 06). The 
energy produced from Photovoltaic Solar Arrays will be injected directly in the grid, in order 
to reduce the energy consumption and peak power over 5 MW. 
  
In addition to it, a 250 kW battery energy storage system is dimensioned (scenarios 03, 04, 05 
and 06), in order to reduce the peak power over 5 MW from Quebec and Ontario and to 
participate of Program Demand response from Hydro Quebec, Gestion de la Demande de 
Puissance, during winter season.  
6.1.1 Origin, Main Concepts, Solar Capacity and Price of PV Cell and System  
 
In 1876, the British philosopher William Grylls Adams together with his student Richard 
Evans Days demonstrated for the first time, the photovoltaic effect in a junction based on 
platinum and the semiconductor selenium with a very poor performance [35]. The Photovoltaic 
(PV) effect is the process of converting light (photons) to electricity (voltage) [87]. The real 
development of Solar cells or photovoltaic cells, started at Bell Laboratories in 1954. A silicon-
based solar cell was developed and it converted sunlight directly into electricity, with an 
efficiency of about 6 %. Thus, the scientists Daryl M. Chapin, Calvin S. Fuller and Gerald L. 
Pearson demonstrated the PV effect, as we know today. It was discovered that the silicon 
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created an electric charge when exposed to sunlight  [35]. Soon, solar cells were used to power 
from power space satellites to smaller items like watches and calculators  [87]. 
 
A PV Array consists of several solar panels, which is a set of PV modules and which is 
compounded by a set of solar cells, as shown on the figure 6-1  [35] . 
 
 
 
 
A grid-connected PV system is connected to the grid via a DC - AC power inverter, which 
converts the DC power into AC electricity [35].  
 
Figure 6-1 (a) a solar cell, (b) a PV module (c) a solar panel and (d) a PV array[35]  
Taken from book - Solar Energy: Fundamentals, Technology and Systems (2016) 
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The main parameters used to characterize the performance of a solar cell are: the Peak Power 
or nominal maximum power, short-circuit current, open-circuit voltage and fill factor. All of 
them come from the illuminated I-V Curve, whose parameters determine the conversion 
efficiency [35]. 
 
The short-circuit current (Isc.) is the current that flows through the external circuit when the 
electrodes of the solar cell are short-circuited. It depends on the photon flux density incident 
on a solar cell, which is determined by the spectrum of the incident light (Air Mass 1.5 
spectrum under STC or an angle of 48.2o that the Sun makes to the Earth). The maximum 
current that the solar cell can deliver, strongly depends on the optical properties of the solar 
cell, such as absorption in the absorber layer and reflection. 
 
The open-circuit voltage (Voc) at which no current flows thought the external circuit. It is the 
maximum voltage that a solar cell can deliver.  
 
Figure 6-2 Schematic Representation of a  
Grid-connected PV System[35]  
Taken from book - Solar Energy:  
Fundamentals, Technology and Systems (2016) 
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The fill factor (FF) is the ratio between the maximum power generated by a solar cell and the 
product between Voc and Isc.. 
ܨܨ = ܫ௠௣ ∗ 	 ௠ܸ௣ܫ௦௖ ∗ 	 ௢ܸ௖  
 
The conversion efficiency (ߟ) is calculated as the ratio between the maximal generated power 
and the incident power. The irradiance value Pin of 1000 W/m2 for the AM1.5 spectrum has 
become a standard for measuring the conversion efficiency of solar cells, 
 
ߟ = 	 ௠ܲ௔௫
௜ܲ௡
= ܫ௠௣ ∗ 	 ௠ܸ௣
௜ܲ௡
= ܫ௦௖ ∗ 	 ௢ܸ௖ ∗ 	ܨܨ
௜ܲ௡
 
 
A typical external parameters of a crystalline silicon solar cell: Isc = 35 mA/cm2,  Voc  up to 
0.65 V, FF from 0.75 to 0.80 and ߟ around 17 to 18% [35]. 
 
PV Solar capacity: it has nearly quadrupled over the last five years and contributing to nearly 
20 % of global power growth in 2017 [88].  According to REN 21, the Renewables 2018 Global 
Status Report shows the Solar PV Global Capacity and Annual Additions, 2007-2017 [41]: 
Figure 6-3 Solar PV Global Capacity and Annual Additions, 2007-2017[41]  
Taken from REN21 - Renewables 2018 Global Status Report (2018) 
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PV System Cost Benchmark: According to NREL PV System cost benchmark, a huge fall on 
the price per Wdc (Watt direct current) to install a PV System from 2010 to 2017 has been 
occurred, as shown below [34]: 
 
 
NREL classifies the “commercial rooftop systems client” from 10 kW to 2 MW PV system 
size range, which is the one that ÉTS is placed. The chart above shows a fall on the price per 
Wdc on a 200 kW PV System basis from US$5.36 in 2010 to US$1.85 in 2017, a total fall of 
65 % (sixty-five percent) in just 7 (seven) years. Thus, the Photovoltaic Solar Technology of 
converting light to electricity is considered as one of the most prosperous source of renewable 
energy for the near future: besides having a mature technology, a huge size range (from 280 
W to more than 2,000 MW, public awareness about environmental problems,  its price has 
been falling down drastically in the last years.   
 
 
Figure 6-4 NREL PV System cost benchmark summary[34]  
Taken from National Renewable Energy Laboratory (NREL) – U.S. Solar Photovoltaic 
System Cost Benchmark: Q1 2017 Report (2017) 
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6.1.2 Dimensioning of Photovoltaic Panels  
 
The objective of a medium-sized PV system, such as 150 or 500 kW, as the one to be proposed, 
is to reduce the energy consumption and peak power of ÉTS over 5 MW. Firstly, a 150 kW 
PV system, which represents 3 % (three per cent) out of 5 MW ÉTS’ necessity will be analyzed. 
After observing some potential gains in one of the provinces, a 500 kW PV system, which 
represents 10 % (ten per cent) out of 5 MW ÉTS’ necessity, will also be analyzed and results 
compared. 
 
The PV panels dimensioning was divided into 03 (three) main parts: Solar Module type, Layout 
design (Size, Solar Modules in series and parallels, General Arrangement) and DC – AC power 
Inverter for both 150 kW and 500 kW Maximum Power Point. 
 
The Solar Module chosen was the Canadian Solar CS6X-280M, which presents a good benefit-
cost ratio: reasonable efficiency, features and price. The appendix II brings the datasheet from 
manufacturer while the Mechanical data, Electrical Data under Standard Test Conditions 
(Solar Irradiance: 1000 W/m2, Temperature=25 oC, Spectrum AM 1.5), I-V Curves and its 
picture are shown below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6-1 Mechanical Data of Solar Module CS6X-280M  
Taken from Canadian Solar Datasheet of Photovoltaic Module CS6X-
280M (2012) 
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The Solar PV Module presents the following I-V Curves from a similar module, CS6X-290M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6-2 Electrical Data under STC of Solar Module CS6X-280M  
Taken from Canadian Solar Datasheet of Photovoltaic Module CS6X-
280M (2012) 
 
Figure 6-5 I-V Curves CS6X-290M (similar Solar Module)  
Taken from Canadian Solar Datasheet of Photovoltaic Module CS6X-
280M (2012) 
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The chosen of Silicon Monocrystalline solar cells is due to its mature technology, proven 
efficiency, Short-circuit Current, Open Circuit Voltage by a reasonable price. Monocrystalline 
silicon, also known as single-crystalline silicon, is a crystalline solid, in which the crystal 
lattice is continuous and unbroken without any grain boundaries over the entire bulk, up to the 
edges. In contrast, polycrystalline silicon, also known as polysilicon, is a material that consists 
of many small crystalline grains, with random orientations [35].  
 
The scenario 02 will simulate 150 kW MPP Photovoltaic System. Thus, the following number 
to Solar Modules will be required. 
 
 
 
 
 
Figure 6-6 Solar Module with 72 Mono-
crystalline solar cells  
Taken from Canadian Solar Datasheet of 
Photovoltaic Module CS6X-280M (2012) 
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The scenario 06 will simulate 500 kW MPP Photovoltaic System. Thus, the following number 
of Solar Modules will be required. 
 
 
 
 
 
 
 
 
 
 
The Layout design will compose the following characteristics: total surface with the space 
between solar modules, number of PV Modules in series and parallels and general arrangement 
for scenario 02 with 150 kW PV Arrays and scenario 06 with 500 kW PV Arrays. 
 
In order to calculate the space between two solar modules, it will be considered the same 
methodology as the master project of Arthaud Beraud-Sudreau from ÉTS [44]. Firstly, it shall 
be regarded the angle from the Sun to the Earth at noon of each day of the year. The site 
 
Table 6-3 Number of PV Modules and Minimum Surface area - 
150 kW MPP  
 
Table 6-4 Number of PV Modules and Minimum Surface area - 
500 kW MPP  
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National Research Council Canada [89] provided this Solar Altitude for the 21st day of each 
month in 2017, as shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Through Excel MS office, it was calculated the shadow that can be made in every month and 
the distance between two Solar Modules at noon, as detailed below: 
 
 
 
 
 
 
 
 
 
 
Table 6-5 Solar Altitude at noon of each month in 2017  
Adapted from National Research Council Canada – Sunrise and sunset 
calculator (2018) 
 
Figure 6-7 Schematic to represent the distance 
between 2 Solar Modules [44]  
Taken from Master of Engineering Report – 
A. B. Sudreau (2016) T 
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Based on the table above, it will be considered the average space between 2 (two) Solar 
Modules as 169 cm. Thus, the total surface area [44] to allocate all Solar Modules will be 
calculated for both Scenario 02 (150 kW MPP) and Scenario 06 (500 kW MPP): 
 
ܵݑݎ݂ܽܿ݁	ܽݎ݁ܽ = ൫ ௦ܲ௘௥௜௘ ∗ 	 ௣ܹ௔௡௘௟൯ ∗ 	൫( ௣ܲ௔௥௔௟௟௘௟ ∗ 	ܮ௣௔௡௘௟൯ + ൫ ௣ܲ௔௥௔௟௟௘௟ − 	1൯ ∗ 	ܵ݌ܽܿ݁)
∗ 	 ௕ܰ௟௢௖௞௦ =		 
 
 
Legend: 
Pserie = Number of Panels in serie 
Wpanel = Width of Panel 
Pparallel = Number of Panels in parallel 
Lpanel = Length of Panel 
Nblocks = Number of blocks 
Table 6-6 Average Space between 2 Solar Modules 
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Scenario 02 – 150 kW MPP: 
 
 
 
A total area of 1,843.10 m2 shall be regarded to allocate all 535 Solar Modules on the roof of 
Block B at ÉTS.  
 
 
 
 
Table 6-7 150 kW Total Surface area for and General Arrangement Solar Modules  
Figure 6-8 Electrical Schematic of  a PV Array [45] [44] 
Taken from Master of Engineering Report – N. Mary and 
A. B. Sudreau (2016 and 2016) T 
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In addition to it, 2 (two) arrangements are proposed to accommodate them: 
• Arrangement 01: 22 modules in series and 10 in parallel in just one block, total surface 
area required: 750.75 m2. 
• Arrangement 02:  21 modules in series and 15 in parallel in just one block, total surface 
area required: 1,092.36 m2. 
• Total surface area required to allocate 535 Solar Modules on the roof of Block B at 
ETS: 1,843.10 m2. 
• Total estimated surface area available on the roof of Block B: 3,771 m2. 
 
Scenario 06 – 500 kW MPP: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A total area of 5,964.32 m2 shall be regarded to allocate all 1785 Solar Modules on the roof of 
Block B and A at ÉTS.  
 
Table 6-8 500 kW Total Surface area for and General Arrangement 
Solar Modules 
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In addition to it, 1 (one) arrangement is proposed to accommodate them: 
• Arrangement 01:  17 modules in series and 7 in parallel in 15 blocks, total surface area 
required: 5,964.32 m2. 
• Total surface area required to allocate 952 Solar Modules in 08 blocks (17 modules in 
series and 7 in parallel) on the roof of Block B at ÉTS: 3,180.97 m2. 
• Total surface area available in Block B: 3,771 m2. 
• Total surface area required to allocate 833 Solar Modules in 07 blocks (17 modules in 
series and 7 in parallel) on the roof of Block A at ETS: 2,783.35 m2.  
• Total surface area available in Block A: 19,257 m2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-9 ÉTS`Block B and A Roof’s Estimated Surface Area [15] 
Taken from Google Earth Pro – View of ÉTS’ Blocks B and A (2018) 
Block B – 
3,771 m2 
Block A – 
19,257 m2 
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The DC – AC Power Inverters for Scenario 02 (MPP 150 kW) and Scenario 06 (MPP 500 kW) 
were dimensioned as followed. Also, their Datasheet are attached in Appendix IV and VI. 
 
 
Scenario 02 – 150 kW MPP: 
The DC Output power required for the Project is 150 kW, where it must be considered a 95 % 
Inverter efficiency. Thus, the minimum AC Output power required for the Project is 158 kW. 
 
Regarding their arrangement, in serie or parallel, the DC AC Inverter specification must 
consider: 
 
 
 
It was chosen 2 (two) units of 125 kW of the DC AC Power Inverter Sungrow SG 125 HV, 
where 1 (one) unit will be allocated for each arrangement. 
 
 
 
 
Table 6-9 Maximum Voltage, Current and Power Point for 150 kW PV 
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The recommended surface area to accommodate 2 units of 125 kW DC – AC Power Inverter 
is: 
 
 
 
 
 
 
 
 
A Summary of Datasheet of the 125 kW DC – AC Power Inverter is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6-10  Surface area for 2 units of 125 kW DC AC Power Inverters 
 
Table 6-11 125 kW DC AC Power Inverter Datasheet Summary 
Adapted from Sungrow SG 125 HV Technical Datasheet (2017) 
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Scenario 06 – 500 kW MPP: 
 
The DC Output power required for the Project is 500 kW, where it must be considered a 95 % 
Inverter efficiency. Thus, the minimum AC Output power required for the Project is 526 kW. 
 
Regarding their arrangement, in serie or parallel, the DC AC Inverter specification must 
consider: 
 
Figure 6-10 125 kW DC - AC Power Inverter for PV 
Arrays[26]  
Taken from Sungrow SG 125 HV Technical 
Datasheet (2017) 
 
Table 6-12 Maximum Voltage, Current and Power Point for 500 kW 
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It was chosen 15 (fifteen) units of 36 kW of the DC AC Power Inverter Yaskawa Solectria 
Solar PVI 36 TL, where 1 (one) unit will be allocated for each block. 
 
The recommended surface area to accommodate 15 units of 36 kW DC – AC Power Inverter: 
 
 
 
A Summary of Datasheet of the 36 kW DC – AC Power Inverter is shown below: 
 
 
 
 
Table 6-13 Surface area for 15 units of 36 kW DC AC Power Inverters 
Table 6-14 36 kW DC AC Power Inverter Datasheet Summary  
Adapted from Yaskawa Solectria Solar PVI 36TL Technical Datasheet (2017) 
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6.1.3 Inclination and Orientation and of Photovoltaic Panels in Montreal 
 
The inclination of the Solar Modules shall be kept in 45o, as the latitude angle of Montreal, 
QC, in order to avoid loss of reflectiveness and to get a higher conversion efficiency. In 
addition to it, it should be also regarded their orientation during the installation, which will be 
considered the same methodology as the master project of Arthaud Beraud-Sudreau from ÉTS 
[44].  The PV Modules should be oriented directly in the South zone, in order to have a more 
linear production during the day. It is possible to orient to the East (or the West), if the load is 
greater at the beginning (or end) of the day [44]. 
6.1.4 Some Concepts of Battery Energy Storage System 
 
 The function of  a battery is to store electricity in the form of chemical energy and to convert 
to electrical energy when required [81]. This process occurs by an electrochemical oxidation-
Figure 6-11 36 kW DC - AC Power Inverter - PV Arrays  [37] 
Taken from Yaskawa Solectria Solar PVI 36TL Technical 
Datasheet (2017) 
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reduction reaction between the active materials packed in its cell chamber and separated by an 
ion-conducting electrolyte. After a discharge, it can be electrically recharged by supplying 
current in an opposite direction and restoring the battery to its original status, in a limited 
number of cycles.  
 
One of most used batteries is the lithium-ion, which has a high energy density and long cycle 
life in comparison to others, however it is one of the most expensive too. It is well used in 
portable electronics and it is being stimulated for Electrical Vehicles energy storage system as 
complimentary of renewable energy resources. 
 
A relatively low-cost energy storage is the Lead-acid battery, which presents a mature 
rechargeable storage technology and is very well-established in the vehicles energy storage 
system and also, in some small-scale power storage, such as UPS to provide power backup for 
electronics, lighting, etc. On the other hand, there are disadvantages in this kind of battery: 
limited number of cycles, environmental impacts of improper disposal of these batteries, 
caused by the Pb (lead) and H2SO4 (Sulphuric acid) or the necessity of a battery room 
ventilation, which it will be detailed below. A very positive fact, is that over 98% of the lead 
used in these batteries is recycled, as revealed from 2007 to 2011 [90]. 
 
A VLA cells battery technology, Vented Lead-Acid batteries or flooded batteries consist of 
plates flooded with an acid electrolyte. Also, an energy storage unit consists of two or more 
connected cells, where a conversion of chemical to electrical energy takes place [23]. 
Hydrogen is emmited from electrolyte while charging, mainly, during heavy recharge periods. 
Thus, a battery room ventilation is necessary to exhaust this hydrogen out of the building or 
operational area. Otherwise, explosion may occur in contact with oxygen in the battery room. 
Also, it is hazardous to human health, causing skin burns and eye issues. So, mechanical 
ventilation using exhaust fans is recommended, if the level of hydrogen in a battery room 
exceeds 1% after 1 hour of charging [81].  
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A VRLA GEL (sealed) battery, known as a valve-regulated lead acid battery or sealed acid 
battery, gel cell,  contains a phosphoric acid rather than a sulfuric acid which allows it to have 
a long life (over 15 years) and a great capacity of cycling (over 2,100 cycles at 80% operating 
state of charge). These batteries does not require a hydrogen evacuation system, since the cells 
are sealed. The Appendix VII provide more details about the VRLA battery cells. 
6.1.5 Dimensioning of Battery Energy Storage System 
 
The objective of the Battery Energy Storage System at ÉTS is to reduce the Peak Power over 
5 MW and to participate of the Demand Response Program from Hydro Québec, called 
“Gestion de la Demande de Puissance” or GDP. In order to do it, the large consumer must 
guarantee that will achieve the following Energy Saving per day, according to previous 
planned calls from HQ: 
 
200	ܹ݇ ∗ 4	ℎ = 800	ܹ݇ℎ 
 
Regarding that the lower Battery’s state of charge limit is 20%, this range should be considered 
in the calculus, so: 
 
=	800	ܹ݇ℎ0.8 = 1,000	ܹ݇ℎ 
 
Thus, the battery capacity in Ampere hours (Ah) must work with 1,000 kWh of full energy, in 
order to participate of the GDP program and to save a 70 $/ kW based on the average of power 
reductions of all GDP Events during winter season, as previous notices by HQ. 
 
A company donated two used battery banks of VLA (Vented Lead-acids) with a total of 512 
cells to ÉTS, whose datasheet is attached in appendix III. Due to the inconvenience of having 
a special ventilation battery room, in order to exhaust the hydrogen emitted during recharge 
periods and a high investment to get it implemented (around $300,000.00), this master’s thesis 
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will use a VRLA GEL (sealed) battery for technical-economic feasibility study. As mentioned 
on sub-chapter 6.1.4 “Some Concepts of BESS”, this battery bank does not require a special 
ventilation system, because it is sealed, maintenance-free and leak-proof. In addition, the price 
is around 15% higher than a VLA battery, with a double number of cycles and no exhausting 
system requirement, as mentioned on Appendix VII. So, it is an excellent option for a new 
acquisition.  
  
The appendix III brings the VLA battery Technical Datasheet, that was donated to ÉTS. Its 
model, picture and a summary of specification are described below. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6-15 Battery Bank model and capacity donated to ÉTS  
Adapted from BAE Secura OGI – Stationary VLA Cells Technical Datasheet (2015) 
Figure 6-12 One Battery Cell of 
BAE Secura OGi - Stationary 
VLA Cells [5]  
Taken from BAE Secura OGI –
Technical Datasheet (2015) 
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 The VLA battery operational lifetime is 16 (sixteen) years in stand-by operation and 1,200 
cycles. ÉTS expects to utilize from 70 to 100 charge / discharge cycles per year of the battery 
bank. In this case, the expected battery lifetime for ÉTS’s real case is: 
 
ܤܽݐݐ݁ݎݕ	ܧݔ݌݁ܿݐ݁݀	݈݂݅݁ݐ݅݉݁	ܽݐ	ÉTS	(real) = 	1,200	ܾܽݐݐ݁ݎݕ	ݐ݋ݐ݈ܽ	ܿݕ݈ܿ݁ݏ100	ÉTS′	yearly	cycles = 12	ݕ݁ܽݎݏ 
 
This master thesis will consider a number of cycles of 2,100 cycles of a VRLA battery, for its 
technical-economic feasibility study. In this case, the expected battery lifetime is: 
Table 6-16 Summary of Specification Battery BAE Secura OGI  
Adapted from BAE Secura OGI – Stationary VLA Cells Technical Datasheet (2015) 
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ܤܽݐݐ݁ݎݕ	ܧݔ݌݁ܿݐ݁݀	݈݂݅݁ݐ݅݉݁	ܽݐ	ÉTS	(thesis) = 	2,100	ܾܽݐݐ݁ݎݕ	ݐ݋ݐ݈ܽ	ܿݕ݈ܿ݁ݏ100	ÉTS′	yearly	cycles = 21	ݕ݁ܽݎݏ 
 
These batteries will be allocated in a refrigerated room kept in around 20 oC. The total surface 
area and weight dimensioning to accommodate them are calculated below: 
 
 
The layout of the battery cells’ room will have a 2 or 3-tier Rack, as shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6-17 Surface area and weight for Battery Cells Room  
Adapted from BAE Secura OGI – Stationary VLA Cells Technical Datasheet (2015) 
Figure 6-13 Layout of Battery Cells Room [23]  
Taken from IEEE – Lead Acid Battery Fundamentals Presentation 
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The battery cells should be stacked in a 2 or 3-tier Rack as shown above, with a minimum of 
35m2 room size and weight dimensioning of 45 tons. Thus, this 20 oC refrigerated room shall 
be allocated on the ground level of block B, in order to support around 1,285 kg/m2. This ÉTS 
building was built in 2003 and follows the 1995 Building’s National Code legislation in 
Quebec, which imposed a minimum of 1 kPa or 101.97 kg/m2  [91] on the roof of buildings 
[31]. 
 
These battery banks’ AC output power were limited by two DC AC tri-phases Inverters of 125 
kW each, total of 250 kW output power AC, which will also be part of this study. These 
Inverters come also with Battery Charger and Controller. A picture, a schematic to AC Load 
or Grid and a summary of specification are shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-14 125 kW DC AC 
Inverter and Battery Charger [6] 
Taken from Princeton Power 
System GTIB-480-125 (2017) 
Sys
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Table 6-18 Summary of Specification - Inverter for Battery  
Adapted from Princeton Power System GTIB-480-125 (2017) 
 
 
Figure 6-15 Schematic of Battery Inverter to AC Load or Grid [6] 
Taken from Princeton Power System GTIB-480-125 (2017) 
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The above 125 kW DC-AC Power Inverter was chosen because it has a built-in MPPT for solar 
arrays and high round-trip efficiency for battery charging. Also, the inverter can be used for 
peak shaving, demand response, frequency regulation and other advanced grid support 
functions [6].   
 
The recommended surface area for 2 (two) DC AC 125 kW Inverters is indicated below: 
 
 
 
As mentioned above, the battery bank total AC output power is 250 kW, so the following 
Battery Capacity is enough for ÉTS, in order to participate of GDP Program from HQ: 
 
ܤܽݐݐ݁ݎݕ	ܥܽ݌ܽܿ݅ݐݕ = 	1,000,000	ܹℎ512	ܸ = 	1,953	ܣℎ 
 
For a 250 kW battery bank, we should have: 
 
250	ܹ݇ ∗ 4	ℎ = 1,000	ܹ݇ℎ 
 
Thus, 4 hours of full battery charge is enough to achieve 1,953 Ah at 512 V, in order to reach 
around Ca$16,330 of yearly savings during winter season in GDP Program in Quebec, as it 
will be indicated in the simulation results.  
 
 
Table 6-19 Recommended Surface area for 125 kW DC AC Inverter 
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6.1.6 Recycling of Lead (Acid) Battery materials 
 
After the battery banks lifetime, around 98% of lead (acid)’s material can be sold for recycling. 
Thus, around 40 tons of lead materials can be economically saved based on weight of 512 
battery cells, where the recycling price per pound was informed by Métaux Dépot [92] in 
October 2018. 
 
6.2 Economic Feasibility Study 
The economic feasibility of a project includes the evaluation of all available economic results 
and indicators, so that the decision-maker can make the best decision in making the investment 
and having the project executed or not doing it and keeping the money in the bank. 
 
There are some economic indicators available, but the most reliable and used for companies 
and specialized advisors are listed below: 
6.2.1 Net Present Value (NPV) 
 
Net Present Value (NPV) or Present Value (NPV) is the main indicator for comparing the 
profitability of energy investments. This value is defined as the sum of all discounted financial 
 
Table 6-20 Recycling of Lead (Acid) Battery Cells materials  
Adapted from BAE Secura OGI – Stationary VLA Cells Technical Datasheet 
(2015) 
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flows of the project in full operation minus the initial investment, where the analysis takes into 
account the equivalent present value according to their chronology. Therefore, for an 
investment to be profitable the NPV must be greater than zero at the end of the life cycle, this 
is a basic criterion of acceptability of the project. 
 
The methodology can be summarized as [93]: 
• Estimate the life of the project; 
• Determine the net cash flow by subtracting for each period disbursements (or initial 
investment) of revenues; 
• Calculate the present value of each component of net cash flow using an interest rate 
equal to MARR (Minimum Attractive Rate of Return); 
• Add these present values to obtain the net present value of the project. 
 
The formula is presented below [94] : 
  
ܸܰܲ	(݅) = ܣ଴(1 + ݅)଴ +
ܣଵ
(1 + ݅)ଵ +
ܣଶ
(1 + ݅)ଶ + ⋯+
ܣே
(1 + ݅)ே = ෍
ܣ௡
(1 + ݅)௡
ே
௡ୀ଴
 
 
݅	: Interest rate or MARR;  
ܰ	: Lifetime of the project (number of periods); 
ܣ௡	: Net Cash flow (Difference between Annual Revenues (R) and Disbursement (D)) or Initial 
Investment (I); 
݊ 	: End of (annual) period in reference; 
ܸܰܲ	: Net Present Value [93]. 
 
If NPV (݅) > 0,	accept the investment; 
If NPV (݅) = 0,	remain indifferent; 
If NPV (݅) < 0,	reject the investment [94]. 
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6.2.2 Internal Rate of Return (IRR) 
 
The Internal Rate of Return (IRR) is a primary financial indicator used to estimate the 
profitability of potential investments. The internal rate of return is a discount rate, where the 
net present value (NPV) of all cash flows for a particular project is zero (the rate of return at 
which the net present value of a project is zero). 
The IRR calculations are based on the same formula of P.V, but it equals zero. The higher the 
rate, the more attractive the investment. 
 
ܸܰܲ		(݅∗) = ܣ଴(1 + ݅∗)଴ +
ܣଵ
(1 + ݅∗)ଵ + ⋯+
ܣே
(1 + ݅∗)ே = 0 
݅∗	: internal rate of return when the present value is zero [94]. 
 
If IRR > ܯܣܴܴ,	accept the investment; 
If IRR = ܯܣܴܴ,	remain indifferent; 
If IRR < ܯܣܴܴ,	reject the investment [94]. 
 
Companies and Specialized Consultants prefer this method because it allows them to qualify 
the degree of acceptability of a project for example acceptable of accuracy, interesting or very 
interesting percentage per year. 
 
If the project's internal rate of return is equal to or greater than the company's required rate of 
return, the project may be deemed financially acceptable, at equivalent risk. If it is lower, the 
project is usually rejected. 
6.2.3 Simple Payback and Discounted Payback Period (PP) 
 
It is a secondary economic indicator, in time, periods or years that it takes to recover the 
amounts invested in the project by an investor. The decision maker accepts the project if it has 
a recovery period lower than that required by the company. It consists of dividing the 
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investment for the project's annual net revenue (Simple Payback Period), where all net 
revenues (annual revenues - annual disbursements) are constant.  
 
In addition to it, there is the Discounted Payback Period, which uses the same formula, but the 
net revenue values are discounted by the same interest rate of the project. Therefore, the 
accuracy is greater than the simple recovery period.    
 
ܲܽݕܾܽܿ݇	ܲ݁ݎ݅݋݀	 = ܫ݊ݒ݁ݏݐ݉݁݊ݐ(ܣ݊݊ݑ݈ܽ)	ܴ݁ݒ݁݊ݑ݁ݏ	 − (ܣ݊݊ݑ݈ܽ)	ܦ݅ݏܾݑݎݏ݁݉݁݊ݐݏ 
[93] 
If PP <	ܲܲ଴,	accept the investment; 
If PP =	ܲܲ଴,	remain indifferent; 
If PP >	ܲܲ଴,	reject the investment [94]. 
 
ܲܲ଴	: Minimum Acceptable Payback Period set by Company Management (benchmark)  
[94]. 
 
In another words, a project is accepted if the initial investment is recovered quickly enough. 
6.2.4 Economic Feasibility Scenarios’ Premises and Results 
 
In this Master’s thesis, the comparison of three different scenarios will be analyzed: 
1) 150 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 02; 
2) 500 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 06; 
3) 250 kW Battery Energy Storage System in Ontario and Quebec – Scenario 04. 
 
The purpose of this economic analysis is to find out if the investment to install PV Arrays and 
BESS, separately, in Ontario and Quebec is economically feasible. 
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For the Solar Photovoltaic Modules analysis, the RETScreen (Clean Energy Management 
Software developed by Natural Resources Canada) was utilized [12] , where one simulation 
was executed  in Ontario and another to Quebec, both with 150 and 500 kW of MPP (Maximum 
Power Point) and solar irradiance data from Montreal, QC. Thus, following economic 
indicators were presented: NPV, IRR and Payback Period. 
 
For the Battery Energy Storage System analysis, the excel software calculated the same 
economic indicators: NPV, IRR and Payback Period, which was developed by the author of 
this master’s thesis.  
 
The economic premises and results will be presented on this order: 
 
1) 150 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 02 
• Common Inputs; 
• 150 kW Solar Photovoltaic Arrays in Ontario; 
• 150 kW Solar Photovoltaic Arrays in Quebec. 
 
2) 500 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 06 
• Common Inputs; 
• 500 kW Solar Photovoltaic Arrays in Ontario; 
• 500 kW Solar Photovoltaic Arrays in Quebec. 
 
3) 250 kW Battery Energy Storage System in Ontario and Quebec – Scenario 04 
• Common Inputs; 
• 250 kW Battery Energy Storage System in Ontario; 
• 250 kW Battery Energy Storage System in Quebec. 
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6.2.4.1 150 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 02 
Firstly, the main common inputs to be utilized in both Ontario and Quebec for a 150 kW 
Photovoltaic System economic feasibility study were considered, as followed:  
 
In order to make a more accurate cost analysis, this master’s thesis will utilize a parametric 
estimate from the Design and Cost Estimate Report prepared by an advisory company in 
October 2016 to ÉTS. Their scope of work was to evaluate the Construction and Electrical 
design and cost to implement a mini-electrical network on the roof of block B at ÉTS. 
 
In addition, a Superstructure is mandatory to be installed on the roof of Block B, in order to 
support the weight of the 535 Solar modules units and its components, as followed. 
 
 
 
 
 
 
 
 
 
 
Description  Value 
Scenario 02 –  Investment for a 150 kW PV Arrays in Ontario (Ca$) 873,050.22 
Scenario 02 –  Investment for a 150 kW PV Arrays in Quebec (Ca$) 873,050.22 
Interest Rate (%) 5 
Project Lifetime (years) 25  
Scenario 06 - Ontario’s Average Unit Price of Electricity (¢/kWh) 30.572 
Scenario 06 - Quebec’s Average Unit Price of Electricity (¢/kWh) 5.732 
Table 6-21 Scenario 02 Inputs - 150 kW PV Arrays Economic Study at RETScreen 
 
Figure 6-16 Superstructure to support PV Arrays + 
Components on roof of block B [31]  
Taken from Advisory Company Design and Cost 
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The cost per kW, in Canadian dollars, for a 150 kW PV System is 2,717.08 $ / kW, which is 
in accordance to the U.S. Solar Photovoltaic System Cost Benchmark: Q1 2017 report, 
published by NREL in September 2017, which informs that the PV cost benchmark is around 
US$1.85 per Wdc (Watts direct current) installed for commercial rooftop systems (200 kW PV 
System) in 2017. This project achieved US$2.07/Wdc for a 150 kW PV System  [34]. 
 
Table 6-22 Cost Breakdown for a 150 kW Photovoltaic System [31]  
Adapted from Advisory Company Design and Cost Estimate Report 
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Thus, the Total Investment Cost to implement the Photovoltaic system on a super-structure in 
Canadian dollars is: 
 
 
 
 
 
Based on the above cost, where a contingency of 10% and 25% were utilized for Photovoltaic 
System and Roof’s Superstructure, respectively, RETScreen detailed the costs, as followed. 
 
Table 6-23 Superstructure Cost Breakdown for a 150 kW PV Array [31] 
Adapted from Advisory Company Design and Cost Estimate Report 
Table 6-24 150 kW PV System + 
Superstructure Total Cost/kW & Total 
Investment  
Table 6-25 RETScreen Investment for 150 kW PV System + Superstructure [12] 
Taken from RETScreen (2018) 
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6.2.4.1.1 150 kW Solar Photovoltaic Arrays in Ontario – Scenario 02 
In Ontario, the following Inputs were also added:  Electricity rate, Slope, type of PV Module, 
Solar Irradiation (in this case used the same as Montreal), solar tracking mode, inverter 
capacity and efficiency were considered at RETScreen: 
 
 
 
 
Table 6-26 ON’s 150 kW PV Arrays Inputs for Economic Study at RETScreen[12]  
Taken from RETScreen (2018) 
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Based on the above costs and input data, the RETScreen made the economic study, whose 
results were shown below: 
 
 
 
 
Table 6-27 Ontario's 150 kW PV Arrays Economic Analysis by RETScreen [12]  
Taken from RETScreen (2018) 
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The Primary indicator, the IRR, Internal rate of return, indicated a 9.8 % gain per year, while 
the NPV, Net Present Value, was positive in Ca$522,988. Thus, both primary indicators 
indicate the investment is economically feasible in Ontario. In addition to it, the Payback 
period indicates that it will take 9.8 years to recover the money invested in the project, which 
is also a short period for a project in the renewable energy area. In addition, if we consider that 
a superstructure was added to the photovoltaic system, with a cost per kW of 3,103.36 Ca/kW 
and 2,717.08 Ca/kW, respectively, the payback is still competitive. 
 
 
 
 
 
 
Figure 6-17 Ontario's 500 kW PV Arrays Payback Period by RETScreen [12]  
Taken from RETScreen (2018) 
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6.2.4.1.2 150 kW Solar Photovoltaic Arrays in Quebec – Scenario 02 
In Quebec, the following Inputs were also added to the 150 kW PV System:  Electricity rate, 
Slope, type of PV Module, Solar Irradiation from Montreal, solar tracking mode, inverter 
capacity and efficiency were considered at RETScreen: 
 
 
Based on the above costs and input data, the RETScreen made the economic study, whose 
results were shown below: 
 
Table 6-28 QC’s 150 kW PV Arrays Inputs for Economic Study at RETScreen [12]  
Taken from RETScreen (2018)  
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All economic indicators confirm that a 150 kW of PV Arrays are NOT economically feasible 
in Quebec. The Primary indicator, the IRR, indicated a - 3.8 % loss per year and the NPV, was 
negative in - Ca$611,324. Thus, both primary indicators show that the investment is not 
economically feasible in Quebec. In addition to it, the Payback period indicates that it would 
take more than 50 years to recover the money invested in the project, whose project lifetime is 
 
Table 6-29 Quebec's 150 kW PV Arrays Economic Analysis by RETScreen [12]  
Taken from RETScreen (2018) 
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25 years. In fact, two factors are responsible for that: If we consider just the investment for a 
Photovoltaic system (without a superstructure) at ÉTS in Quebec, whose cost per kW is 
2,717.08 Ca$/kW, the payback period is around 25 years; However, after adding the roof’s 
superstructure with a cost per kW of 3,103.26 Ca$/kW, the payback period is around twice 
longer. The second factor is the low price of electricity in Quebec, which is around 0.0571 
$/kWh, which makes the majority of the projects in renewable energy unfeasible in this 
province. 
 
 
 
 
 
 
 
Figure 6-18 Quebec's 150 kW PV Arrays Payback Period by RETScreen [12] 
Taken from RETScreen (2018) 
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6.2.4.2 500 kW Solar Photovoltaic Arrays in Ontario and Quebec – Scenario 06 
Firstly, the main common inputs to be utilized in both Ontario and Quebec for a 500 kW 
Photovoltaic System economic feasibility study were considered, as followed:  
 
 
 
The same parametric estimate taken from the Design and Cost Estimate Report, which  was 
utilized for the 150 kW Photovoltaic System, will be used for the 500 kW PV System. Also, 
the same kind of reinforced structure to support the PV Arrays, proportional to its number of 
solar modules: 1785 units. 
 
 
 
 
 
 
 
 
 
 
 
Description  Value 
Scenario 06 –  Investment for a 500 kW PV Arrays in Ontario (Ca$) 2,773,434.53 
Scenario 06 –  Investment for a 500 kW PV Arrays in Quebec (Ca$) 2,773,434.53 
Interest Rate (%) 5 
Project Lifetime (years) 25  
Scenario 06 - Ontario’s Average Unit Price of Electricity (¢/kWh) 30.572 
Scenario 06 - Quebec’s Average Unit Price of Electricity (¢/kWh) 5.732 
Table 6-30 Scenario 06 Inputs - 500 kW PV Arrays Economic Study at RETScreen 
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The cost per kW, in Canadian dollars, for a 500 kW PV System is 2,441.36 $ / kW, which is 
in accordance to the U.S. Solar Photovoltaic System Cost Benchmark: Q1 2017 report, 
published by NREL in September 2017, which informs that the PV cost benchmark is around 
US$1.85 per Wdc (Watts direct current) installed for commercial rooftop systems (200 kW PV 
System) in 2017.This project achieved US$1.86/Wdc for a 500 kW PV System [34]. 
 
Table 6-31 Cost Breakdown for a 500 kW PV System [31]  
Adapted from Advisory Company Design and Cost Estimate Report 
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Thus, the Total Investment Cost to implement the Photovoltaic system on a super-structure in 
Canadian dollars is: 
 
 
     
     
    
     
Based on the above cost, where a contingency of 10 and 25 % were utilized for Photovoltaic 
System and Roof’s Superstructure, respectively, RETScreen detailed the costs, as followed: 
 
 
Table 6-32 Superstructure Cost Breakdown for 500 kW PV Array [31] 
Adapted from Advisory Company Design and Cost Estimate Report 
 
Table 6-33 500 kW PV System + Superstructure 
Total Cost/kW & Total Investment  
 
Table 6-34 RETScreen Investment for 500 kW PV System + Superstructure [12]  
Taken from RETScreen (2018) 
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6.2.4.2.1 500 kW Solar Photovoltaic Arrays in Ontario – Scenario 06 
 In Ontario, the following Inputs were also added:  Electricity rate, Slope, type of PV Module, 
Solar Irradiation (in this case used the same as Montreal), solar tracking mode, inverter 
capacity and efficiency were considered at RETScreen: 
 
 
Based on the above costs and inputs data, the RETScreen made the economic study, whose 
results were shown below: 
 
 
Table 6-35 Ontario's 500 kW PV Arrays Inputs for Economic Study at RETScreen [12]  
Taken from RETScreen (2018) 
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The Primary indicator, IRR indicated a 10.4 % gain per year, while the NPV, Net Present 
Value, was positive in Ca$1,880,025. Thus, both primary indicators indicate the investment is 
very economically feasible in Ontario, even better than 150 kW PV System, due to economies 
of scale (a proportionate saving in investment costs gained by assembling a bigger PV system). 
 
Table 6-36  Ontario’s 500 kW PV RETScreen Economic Analysis [12]  
Taken from RETScreen (2018) 
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In addition to it, the Payback period indicates that it will take 9.4 years to recover the money 
invested in the project, which is also a short period for a project in the renewable energy area. 
In addition, if we consider that a superstructure was added to the photovoltaic system, with a 
cost per kW of 3,105.51 Ca/kW and 5,546.87 Ca/kW, respectively, the payback is still very 
competitive. 
 
 
 
 
 
 
 
 
Figure 6-19 Ontario's 500 kW PV Arrays Payback Period by RETScreen [12]  
Taken from RETScreen (2018) 
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6.2.4.2.2 500 kW Solar Photovoltaic Arrays in Quebec – Scenario 06 
In Quebec, the following Inputs were also added to the 500 kW PV System: Electricity rate, 
Slope, type of PV Module, Solar Irradiation from Montreal, solar tracking mode, inverter 
capacity and efficiency were considered at RETScreen: 
 
Based on the above costs and input data, the RETScreen made the economic study, whose 
results were shown below. 
 
Table 6-37 QC’s 500 kW PV Arrays Inputs for Economic Study at RETScreen  
Taken from RETScreen (2018) [12] 
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All economic indicators confirm that a 500 kW of PV Arrays are NOT economically feasible 
either in Quebec. The Primary indicator, the IRR, indicated a - 3.5 % loss per year and the 
NPV, was negative in - Ca$1,901,012. Both primary indicators show that the investment is not 
economically feasible in Quebec. Due to economies of scale, the unit cost per kW to install a 
500 kW PV system is reduced from 2,717.08 $/kW to 2,441.36 $/kW. Thus, economic figures 
 
Table 6-38 Quebec’s 500 kW PV RETScreen Economic Analysis [12]  
Taken from RETScreen (2018) 
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is a little bit better than 150 kW PV System. In addition to it, the Payback period indicates that 
it would take more than 50 years to recover the money invested in the project, whose project 
lifetime is 25 years. In fact, two factors are responsible for that: If we consider just the 
investment for a Photovoltaic system (without a superstructure) at ÉTS in Quebec, whose cost 
per kW is 2,441.36 Ca$/kW, the payback period is around 20 years; However, after adding the 
roof’s superstructure with a cost per kW of 3,105.51 Ca$/kW, the payback period is around 
twice longer. The second factor is the low price of electricity in Quebec, which is around 
0.0571 $/kWh, which makes the majority of the projects in renewable energy unfeasible in this 
province. 
 
 
 
 
 
 
Figure 6-20 Quebec's 500 kW PV Arrays Payback Period by RETScreen [12] 
Taken from RETScreen (2018) 
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6.2.4.3 250 kW Battery Energy Storage System in Ontario and Quebec – Scenario 04 
Firstly, the main common inputs to be utilized in both Ontario and Quebec for a 250 kW 
Battery Energy Storage System economic feasibility study were considered, as followed. 
 
 
 
The high investment comes mainly, from the price of VRLA battery cells, which was estimated 
by a specialized professional in batteries system from ÉTS, as 556.71 $/kWh for a 1 (one) 
MWh battery capacity, as shown in appendix VII. In addition, a 2-tier or 3-tier rack to 
accommodate all 512 battery cells was estimated by the same professional in Ca$50,000.00. 
Finally, 2 X 125 kW DC-AC Power Inverters with battery charging, whose unit cost is  
US$19,600 and was converted to Ca$ with a 1.30954 Ca$/US$ exchange rate from October 
 
Table 6-39 Inputs of Scenario 04 - 250 kW BESS for Economic Study 
Table 6-40  250 kW BESS Investment in Ontario and Quebec 
Description  Value 
Scenario 04 –  Investment for a 250 kW BESS in Ontario (Ca$) 869,062.05 
Scenario 04 –  Investment for a 250 kW BESS in Quebec (Ca$) 869,062.05 
Interest Rate (%) 5 
Project Lifetime (years) 21  
Scenario 04 - Ontario’s Yearly Bill Savings from MATLAB  (Ca$) 50,547.60 
Scenario 04 - Quebec’s Yearly Bill Savings from MATLAB  (Ca$) 47,872.88 
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23rd 2018 [95]. Electrical cables, materials, installation and contingency compound the rest. In 
addition, a Ca$500.00 annual maintenance contract for the batteries was added. 
 
6.2.4.3.1 250 kW Battery Energy Storage System in Ontario– Scenario 04 
The Ontario’s economic figures are displayed below. 
 
 
Table 6-42 Ontario's 250 kW Project Cash-Flow  
Table 6-41 Ontario's 250 kW BESS Yearly Gross Revenue and Maintenance Contract 
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Figure 6-21 Ontario's 250 kW BESS Payback Period 
 
Table 6-43 Ontario's 250 kW Economic Indicators 
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6.2.4.3.2 250 kW Battery Energy Storage System in Quebec – Scenario 04 
The Quebec’s economic figures are displayed below: 
 
 
 
Table 6-44 Quebec's 250 kW BESS Yearly Gross Revenue and Maintenance Contract 
 
Table 6-45 Quebec's 250 kW Project Cash-Flow 
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The Economic indicators pointed out that the installation of battery energy storage system is 
NOT economically feasible neither in Ontario nor in Quebec, due to its high investment, a total 
of Ca$869,062.05 for a 21-year lifetime, according to ÉTS usage (from 70 to 100 cycles per 
year). The Valve Regulated Lead Acid is estimated in 2,100 cycles, as informed in Appendix 
VII, thus, 21 years of expected lifetime, with an expected yearly electricity saving of just 
$50,547.60 and $47,872.88 in ON and QC, respectively. In addition, the IRR was lower than 
MARR (around 1% p.a.), while NPV was negative in around two hundred thousand. In 
addition, the discounted payback period was around twice longer than the project lifetime and 
the simple payback was less than the project lifetime, but close to it. Thus, this kind of 
 
Figure 6-22 Quebec's 250 kW BESS Payback Period 
Table 6-46 Quebec's 250 kW Economic Indicators 
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investment shall be rejected, except if there is a financial incentive to acquire the battery cells 
from a supplier or the government, as the way ÉTS is going to acquire its batteries banks. In 
this specific case, there are 3 (three) potential savings, for instance:  
1) Participation of DR Program from HQ, called GDP, where a potential saving of Ca$16,336 
during winter time is achievable;  
2) The reduction of the Peak Demand over 5 MW, where a potential saving of Ca$31,537 is 
also achievable; 
3) Recycling the lead materials after its 21 year lifetime period, which will be moneyed on the 
next topic. 
 
6.2.4.4 Recycling of Lead (Acid) Battery materials 
Around 40 tons of Lead materials can be recycled, where it will generate around Ca$24,543.74 
saving, after the battery’s lifetime of 21 years. According to the website of Métaux Dépot in 
Montreal, QC, it is paid Ca$0.30 per pound of Lead material in October 2018, as displayed in 
appendix IX [92]. 
 
 
 
 
Table 6-47 Recycling Total Price of 40 tons of Lead Materials   
Adapted from BAE Secura OGI – Stationary VLA Cells Technical Datasheet (2015) 
  
CHAPTER 7 
 
SIMULATION RESULTS 
7.1 Scenario 00: ÉTS in ON and QC with electricity standard rates (baseline);  
 
 
Table 7-2 Scenario 00: ÉTS in QC with electricity standard rates (baseline) 
Table 7-1 Scenario 00: ÉTS in ON with electricity standard rates (baseline) 
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7.2 Scenario 01: ÉTS in ON with financial incentives and in QC with demand 
response; 
 
  
 
 
Table 7-3 Scenario 01: ÉTS in ON with financial incentives – GA by PDF 
Table 7-4 Scenario 01: ÉTS in QC with demand response – GDP 
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7.3 Scenario 02: ÉTS in ON with FI and Photovoltaic Arrays (150 kW) as well as 
in QC with standards rates and PV Arrays; 
  
 
Table 7-5 Scenario 02: ÉTS in ON with FI and Photovoltaic Arrays (150 kW) 
Table 7-6 Scenario 02: ÉTS in QC with standards rates and PV Arrays 
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7.4 Scenario 03: ÉTS in ON with FI, PV Arrays (150 kW) and Batteries (250 kW) 
as well as in QC with DR , PV Arrays and Batteries; 
 
 
 
Table 7-7 Scenario 03: ÉTS in ON with FI, PV Arrays (150 kW) and BESS (250 kW) 
Table 7-8 Scenario 03: ÉTS in QC with DR, PV Arrays and Batteries 
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7.5 Scenario 04: ÉTS in ON with financial incentives and Batteries (250 kW) as 
well as in QC with DR and Batteries; 
 
 
Table 7-9 Scenario 04: ÉTS in ON with FI and Batteries (250 kW)
Table 7-10 Scenario 04: ÉTS in QC with DR and Batteries 
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7.6 Scenario 05A / 5B: ÉTS in ON with FI, Batteries with Time of Use Pricing 
(250 kW) and with and / or without PV Arrays (150 kW); 
 
 
 
Table 7-11 Scenario 5A: ÉTS in ON with FI and Batteries with ToU Pricing (250 kW) 
Table 7-12 Scenario 5B: ÉTS in ON w/ FI, BESS ToU Price (250 kW) & PV(150 kW) 
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7.7 Scenario 06: ÉTS in ON with FI, 500 kW PV Arrays and Batteries (250 kW) 
as well as in QC with DR, 500 kW PV Arrays and Batteries; 
 
 
 
 
 
Table 7-13 Scenario 06: ÉTS in ON with FI, 500 kW PV Arrays and BESS (250 kW) 
Table 7-14 Scenario 06: ÉTS in QC with DR, 500 kW PV Arrays and Batteries 
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CHAPTER 8 
 
 
DISCUSSION OF SIMULATION RESULTS  
 
A 5 (five) minute interval simulation was run over the entire year 2017 in Quebec, with a 5 
minute data of ÉTS apparent power, power factor, active power and solar irradiance and 
temperature data from Montreal, in order to achieve an accurate simulation. The Energy Cost 
charge (Monthly Consumption of ÉTS in kWh) and Power Cost charge (maximum monthly 
peak power calculated on a 15 minute average from a 5-minute interval of ÉTS peak demand 
in kW) will be analyzed separately, along with the monthly and yearly bill and price/kWh. 
After running the Economic Study Simulation from MATLAB SimScape Power System 
Model with or without GDP, Photovoltaic Arrays and/or batteries in the 6 (six) proposed 
scenarios and the baseline, a 10 minute time simulation results were saved, along with 
Quebec’s yearly and monthly electricity bills.  New algorithms were developed to calculate 
the same yearly and monthly electricity bills in Ontario with their specific energy, power and 
fixed charges. The Power data were downloaded directly from IESO website [96]. The 
following Energy, Power and Fixed Cost charges were considered in Ontario: energy cost - 
HOEP in an hourly basis and modified to a 5-minute interval, GA per consumption (mandatory 
for all customers up to 499.99 kW) or Global Adjustment per percentage contribution/Peak 
demand factor (available for customers from 500kW on, according to applied condition from 
IESO). In addition, two other energy cost were added: WMSC and Debt retirement (which was 
cancelled on April 1, 2018). To finalize, three power costs were considered as well as two fixed 
costs: Power costs: Delivery – Distribution charge, Transmission Network and Transmission 
Connection charge and Fixed costs: Standard Supply Services (SSS) and Delivery – Monthly 
Service charge. 
 
Finally, the goal was to evaluate the total yearly and monthly bill expenses, savings, energy 
and power costs and price/kWh of ÉTS in Ontario and Quebec. Thus, the monthly and yearly 
expenses, savings, price per kWh and general comments for each scenario are displayed below. 
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8.1 Scenario 00: ÉTS in ON and QC with electricity standard rates (baseline); 
 
Scenario baseline of ÉTS in ON and QC, based on their standard rates only. In ON, it was used 
Global Adjustment by Consumption. 
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Price/kWh 0.3025 $/kWh 0.0571 $/kWh 
• Energy Cost 93.59% 59.88% 
• Power Cost 6.40% 40.12% 
• Comparison Rate (ON/QC) 5.3 X higher 1 
 
 
 
 
 
 
 
 
Table 8-1 Scenario 00: ÉTS in ON and QC with electricity standard rates (baseline) 
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8.2 Scenario 01: ÉTS in ON with financial incentives and in QC with demand 
response; 
 
Scenario with financial incentives or Global Adjustment by Percentage Contribution / Peak 
Demand Factor in ON and with Demand Response Program, GDP (“Gestion de la Demande 
de Puissance”) in QC.  
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Yearly Bill (Scenario 01):  $9,713,566.44 $1,991,747.63 
• Price/kWh 0.2763 $/kWh   0.0567 $/kWh   
• Energy Cost 92.98% 60.37% 
• Power Cost 7.01% 39.63% 
• Comparison Rate (ON/QC) 4.88 X higher 1 
 
In ON, a reduction of 8.66% or $920,399.93 in the Yearly Bill, in relation to the Baseline. 
 
In QC, a reduction of 0.81% or $16,335.57 in the Yearly Bill, in relation to the Baseline. 
 
Table 8-2 Scenario 01: ÉTS in ON with FI and in QC with DR 
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8.3 Scenario 02: ÉTS in ON with FI and Photovoltaic Arrays (150 kW) as well as 
in QC with standards rates and PV Arrays; 
Scenario with financial incentives (GA by PDF) and Photovoltaic System (150 kW) in ON and 
with standard rates and Photovoltaic System (150 kW) in QC.  
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Yearly Bill (Scenario 02):  $9,561,991.71 $1,978,990.83 
• Price/kWh 0.2720 $/kWh   0.0563 $/kWh   
• Energy Cost 93.00% 60.05% 
• Power Cost 6.99% 39.95% 
• Comparison Rate (ON/QC) 4.83 X higher 1 
 
In ON, a reduction of 10.08% or $1,071,974.66 in the Yearly Bill, in relation to the Baseline. 
In ON, a yearly saving of $151,574.73 just by Photovoltaic System installation.  
 
In QC, a reduction of 1.45% or $29,092.37 in the Yearly Bill, in relation to the Baseline. 
In QC, a yearly saving of $29,092.37 just by Photovoltaic System installation. 
 
 
Table 8-3 Scenario 02: ÉTS in ON w/ FI, PV(150 kW) and in QC w/ std rates & PV 
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8.4 Scenario 03: ÉTS in ON with FI, PV Arrays (150 kW) and Batteries (250 kW) 
as well as in QC with GDP, PV Arrays and Batteries; 
 
Scenario with financial incentives (GA by PDF), Photovoltaic System (150 kW) and BESS 
(250kW) in ON and with GDP, Photovoltaic System (150 kW) and BESS (250kW) in QC.  
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Yearly Bill (Scenario 03):  $9,510,619.91 $1,934,725.76 
• Price/kWh 0.2705 $/kWh   0.0550 $/kWh   
• Energy Cost 93.21% 61.42% 
• Power Cost 6.78% 38.58% 
• Comparison Rate (ON/QC) 4.92 X higher 1 
 
In ON, a reduction of 10.56% or $1,123,346.47 in the Yearly Bill, in relation to the Baseline. 
In ON, a yearly saving of $51,371.80 just by BESS, when a PV System is installed.  
 
In QC, a reduction of 3.65% or $73,357.44 in the Yearly Bill, in relation to the Baseline. 
In QC, a yearly saving of $44,265.07 just by BESS, when a PV System is installed. 
 
Table 8-4 Scenario 03: ÉTS in ON w/ FI, PV (150 kW) & BESS (250 kW) and in QC 
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8.5 Scenario 04: ÉTS in ON with financial incentives and Batteries (250 kW) as 
well as in QC with DR and Batteries; 
Scenario with financial incentives (GA by PDF) and BESS (250kW) in ON and with GDP, 
and BESS (250kW) in QC.  
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Yearly Bill (Scenario 04):  $9,663,018.84 $1,960,210.32 
• Price/kWh  0.2748 $/kWh   0.0558 $/kWh   
• Energy Cost 93.22% 61.34% 
• Power Cost 6.77% 38.66% 
• Comparison Rate (ON/QC) 4.93 X higher 1 
 
In ON, a reduction of 9.13% or $970,947.53 in the Yearly Bill, in relation to the Baseline. 
In ON, a yearly saving of $50,547.60 just by BESS, individually (without PV System). 
 
In QC, a reduction of 2.38% or $47,872.88 in the Yearly Bill, in relation to the Baseline. 
In QC, a yearly saving of $47,872.88 just by BESS, individually (without PV System). 
 
Table 8-5 Scenario 04: ÉTS in ON w/ FI and BESS (250 kW) as well as in QC  
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8.6 Scenario 05A/05B: ÉTS in ON with FI, Batteries with Time of Use Pricing 
(250 kW) and with and / or without PV Arrays (150 kW); 
Scenario with financial incentives and BESS (250kW) with Time of Use price (5A) and with 
financial incentives, BESS (250kW) with Time of Use price and Photovoltaic System (150 
kW) (5B), both in ON. There is a variable price/kWh according to the hour of the day, to 
encourage consumer to delay energy consumption to off-peak period. Scenario not run in QC.  
 
 ÉTS in Ontario (5A) ÉTS in Ontario (5B) 
 
• Yearly Bill (Baseline): $10,633,966.37 $10,633,966.37 
• Yearly Bill (Scenario 05):  $9,655,762.71 $9,505,726.91 
• Price/kWh 0.2746 $/kWh   0.2704 $/kWh   
• Energy Cost 93.21% 93.21% 
• Power Cost 6.78% 6.78% 
 
Scenario 5A: a reduction of 9.20% or $978,203.66 in the Yearly Bill, in relation to the Baseline. 
Scenario 5A: a yearly saving of $7,256.14 just by BESS with ToU Pricing, charging at night. 
 
Scenario 5B: a reduction of 10.61% or $1,128,507.19 in the Yearly Bill, in relation to Baseline. 
Scenario 5B: a yearly saving of $150,035.80 just by PV System with ToU Pricing BESS. 
 
Table 8-6 Scenario 05: ÉTS in ON w/ FI, BESS w/ ToU Price (250 kW) w/wo PV 
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8.7 Scenario 06: ÉTS in ON with FI, 500 kW PV Arrays and Batteries (250 kW) 
as well as in QC with DR, 500 kW PV Arrays and Batteries; 
 
Scenario with financial incentives (GA by PDF), Photovoltaic System (500 kW) and BESS 
(250kW) in ON and with GDP, Photovoltaic System (500 kW) and BESS (250kW) in QC.  
 
 ÉTS in Ontario ÉTS in Quebec 
 
• Yearly Bill (Baseline): $10,633,966.37 $2,008,083.20 
• Yearly Bill (Scenario 06):  $9,169,503.69 $1,886,047.99 
• Price/kWh 0.2608 $/kWh   0.0536 $/kWh   
• Energy Cost 93.10% 61.26% 
• Power Cost 6.89% 38.74% 
• Comparison Rate (ON/QC) 4.86 X higher 1 
 
In ON, a reduction of 13.77% or $1,464,462.68 in the Yearly Bill, in relation to the Baseline. 
In ON, a yearly saving of $493,515.15 just by Photovoltaic System installation.  
 
In QC, a reduction of 6.08% or $122,035.21 in the Yearly Bill, in relation to the Baseline. 
In QC, a yearly saving of $74,162.33 just by Photovoltaic System installation.  
 
Table 8-7 Scenario 06: ÉTS in ON w/ FI, 500 kW PV and BESS (250 kW) and in QC 
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8.8 Comparison of Total yearly bill and price per kWh between ON and QC – 1 
 
Table 8-8 Comparison of Total yearly bill and price per kWh between ON and QC - 1 
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8.9 Comparison of Total yearly bill and price per kWh between ON and QC – 2  
Table 8-9  Comparison of Total yearly bill and price per kWh between ON and QC – 2  
 
  
CONCLUSION 
 
Firstly, the simulation results showed there is an enormous electrical power pricing difference 
between Ontario and Quebec, in spite of the fact they are neighboring provinces in Canada. In 
fact, there are three main reasons for this huge difference: 
 
1) Power generation characteristics and infrastructure are completely different: 99.8% of 
electrical power generation in Quebec comes from Renewable sources, mainly from 
Hydropower (94.5%), while 58.5%, 23.3% and 9.5% come from Nuclear power plants, 
Hydropower and Renewable energy sources, respectively, in Ontario; 
 
2) Electrical Power administration extremely different between QC, with HQ and in ON with 
OEB, IESO, public/private power generators, transmitters and utilities operating together. 
IESO manages the power system in real-time, plans the province’s future energy needs, 
makes the balance of energy supply and demand and manages the Wholesale Market, while 
OEB sets rules, licenses companies, monitors the electrical system and sets energy rates. 
 
3) Ontario had a huge financial deficit in electrical power in the past due to:  
Over budgeted projects in nuclear power plant construction during 1980s and 90s;  
High investment in Infra-structure to feed private gas power plants (from 2000 on);  
High Investment to close Coal Power Plants and to implement Biomass Plants; 
Lucrative long term contracts with companies for wind & solar power plants; 
Surplus Capacity – 30% & 85% higher than peak and baseload demand, respectively. 
 
Consequently, the largest part of electricity bill comes from the Global Adjustment (to cover 
the cost of building new infrastructure and providing conservation programs) and HOEP (to 
cover the cost of producing electricity). 
 
After running a 5 (five) minute interval simulation on the MATLAB SimScape Power System, 
the following results were obtained: Firstly, a PV System reduced the 5 MW peak power and 
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energy consumption in both provinces, while battery energy storage system reduced the peak 
power and allowed the participation in the demand response program, GDP, in Quebec. 
Secondly, Energy and Power cost represented around 93% and 7% of the yearly bill in ON, 
and 61% and 39% in QC, respectively. Thirdly, the results showed that the electricity rate 
variance between both provinces is huge. It is around four times more expensive in ON than 
in QC. Fourthly, it showed that the price per kWh was reduced up to 13.77% in ON and up to 
6.08% in QC, after adding FI in ON or DR Program in QC, BESS and / or PV System. 
 
In Ontario, where the price of electricity is very high, a very considerable yearly bill reduction 
from the baseline may be achieved, if ÉTS utilizes the Global Adjustment by PDF. Also, the 
installation of 150kW MPP Photovoltaic Arrays showed a reduction in the yearly bill of 
10.08% from the baseline and it is economically feasible with a low payback period, high IRR 
and NPV. The 250 kW power of BESS is not economically feasible even with ToU pricing. 
Due to a potential saving from a 150 kW PV System in ON, a random higher MPP was 
simulated. Thus, a 500 kW PV achieved a great yearly saving and is economically feasible. 
 
In Quebec, where the electricity price is already low, a reasonable yearly bill reduction may be 
achieved by utilizing a 250kW maximum discharge batteries energy storage system. A yearly 
savings of -2.38% from baseline by reducing the peak power over 5MW and participating of 
GDP from HQ. However, neither the PV System nor the BESS are economically feasible.  
 
In addition, the simulation showed a yearly energy saving of 412.77 MWh on MATLAB and 
260.53 MWh on RETScreen for energy exported to grid with a 150 kW PV System, as well 
as, 1,376.95 & 868.42 MWh with a 500 kW PV. The 50% lower value on RETScreen shows 
a more accurate method for energy saving, with different temperature, irradiance & loss factor. 
 
Finally, the technical-economic study indicated that a 150 or 500 kW PV System is greatly 
recommended in ON and not recommended in QC. Also, a BESS is neither recommended in 
ON nor in QC, because its price is still high for a low yearly saving. However, it is great in 
QC, if a FI or donation is provided to acquire it, for peak shaving and GDP Program.  
  
RECOMMENDATIONS  
 
In Ontario, firstly, a large-power consumer connected to the Transmission network, should 
participate in the wholesale market held by IESO, in order to achieve a lower price per kWh 
in comparison to HOEP. The electricity wholesale market occurs through bids between 
dispatchable generators and large load consumers, with IESO between them to manage the 
province’s power demand & supply and, consequently, the applicable price in each 5 minutes.  
 
Secondly, paying the Global Adjustment by Peak Demand Factor or percentage contribution 
(instead of GA by consumption) is greatly recommended, where a drop of around 9 (nine) % 
in the total yearly and monthly bill may be achieved. 
 
Thirdly, participating in the Yearly Demand Response Auction on IESO website, where some 
considerable savings may be reached in electrical energy. If a large consumer wins the bid in 
its specific region and saves the electrical power promised and agreed in the contract with 
IESO, will save a reasonable amount of money. Otherwise, some penalties may be applicable. 
 
Finally, the ÉTS in Ontario should utilize a system of 500 kW or even higher MPP of PV 
System, without any batteries, in order to save at least 868.42 MWh of energy annually and 
achieve a considerable reduction in the price per kWh and in the yearly bill, with a low payback 
period, high IRR and NPV. According to simulation, a yearly saving of $ 493,515.15 is reached 
with a 500 kW PV System for a $2,773,434.53 investment and 9.4 years of payback. 
 
In Quebec, the ÉTS should utilize a 250 kW BESS without any Photovoltaic Arrays to reduce 
the peak power over 5 MW and participate in the GDP demand response program from Hydro 
Québec, but only if there is a financial incentive or donation to acquire the equipment from a  
supplier or the government, as it is going to occur to ÉTS. Otherwise, this is not economically 
feasible. Also, the investment required for a BESS is very high, $869,062.05 for a yearly saving 
of only $47,872.88. Thus, if no financial incentive or donation is provided, neither a 
Photovoltaic system nor batteries banks are recommended in Quebec.  
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